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Abstract 

Energy harvesting is an emerging technique that extracts green energy from ambient 

environment to power electronics. For example, it can provide sustainable power to 

autonomous wireless sensors, thus enabling long-term wireless monitoring. Structural 

control is a traditional research area aiming to protect primary structures against 

excessive vibrations induced by traffic, wind, waves and earthquakes. This work 

presents a novel integration of these two techniques. An electromagnetic damping and 

energy-harvesting (EMDEH) device, consisting of an electromagnetic device and an 

energy harvesting circuit, is proposed to fulfil vibration-damping and energy-harvesting 

functions simultaneously. When subjected to external excitation, the kinetic energy of a 

structure is converted into electrical energy through the electromagnetic device. The 

electrical energy is then stored in a rechargeable battery, while a reaction force is 

imposed on the structure to suppress relative motion. Another advantage of EMDEH 

device is that energy is extracted outside the device rather than being dissipated inside, 

consequently limiting device overheating. 

 

Mathematical modeling of the EMDEH device connected to various energy harvesting 

circuits has been established in terms of the damping coefficient and energy harvesting 

efficiency. The optimal load resistance required to achieve the maximum harvesting 

efficiency was derived. An energy harvesting circuit that emulates a constant resistor 

was used to maximize the energy harvesting efficiency and achieve target damping 

coefficient without any feedback loop and external power supply. The modeling of 

EMDEH devices was successfully verified by experiments. 

 

An analysis of coupled structure-EMDEH systems was then performed, in which the 

structure was assumed to respond within the elastic range. Based on random vibration 

theory, closed-form output power expressions for EMDEH devices installed in 

single-degree-of-freedom and multi-degree-of-freedom structures have been derived 

considering band-limited white noise input. The consistency between vibration control 

and energy harvesting in the presence of inherent structural damping was first 

demonstrated. A simple design procedure for EMDEH devices (including the energy 

harvesting circuit) was established to optimize both vibration damping and energy 
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harvesting.  

 

Two applications, namely, a regenerative TMD for high-rise buildings and EMDEH 

devices for bridge stay cables, were investigated through laboratory tests and numerical 

simulation. A series of tests, including a shaking table test of a single-story steel frame 

and a dynamic test of a scaled stay cable, have illustrated the effectiveness of the 

proposed EMDEH device to provide optimal vibration damping and efficient energy 

harvesting simultaneously. Numerical simulation was conducted to evaluate the 

performance of EMDEH devices when applied to full-scale high-rise buildings or 

full-scale bridge stay cables considering wind excitation. 

 

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

clearly demonstrates the promise of applying the proposed dual-function EMDEH device 

to full-scale civil structures. Some challenges are also discussed based on the outcome of 

this work. 
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1.1 Motivation 

Wireless sensor technology has been widely applied in the health monitoring of 

mechanical, aerospace, and civil structures (Straser and Kiremidjian 1998; Spencer et al. 

2004; Xu et al. 2004; Lynch and Loh 2006; Wang et al. 2007b; Rice et al. 2011; Lei et al. 

2012). Structural responses and environmental conditions, such as acceleration, strain, 

temperature, humidity, and chloride concentration, are measured, recorded, processed, 

and transmitted by wireless sensors for evaluating structural integrity, durability, and 

reliability. This wireless monitoring scheme enables optimal maintenance planning for 

administrative authorities and ensures a high performance of structures throughout 

structural life-cycle. The major concern with current wireless sensing networks is their 

long-term reliability and power supplies (Park et al. 2008). A wireless sensor node is 

generally battery powered; however, the replacement of the battery can be expensive 

and tedious or might be an impossible task (Park et al. 2008). The limited lifespan of 

batteries has motivated researchers to seek alternative and reliable power supply to 

wireless sensing nodes from ambient light, wind, heat, strain, radio frequency (RF), and 

vibration (Lynch and Loh 2006; Park et al. 2008; Bogue 2010). The process of 

extracting energy from the environment and surrounding system and converting it to 

usable electric energy is known as energy harvesting (Park et al. 2008).  

 

Vibration-based energy-harvesting techniques have been developed based on different 

transduction mechanisms, for example, electromagnetic (EM) induction (Williams and 

Yates 1996; Beeby et al. 2007b), piezoelectricity (Cho et al. 2006; Anton and Sodano 

2007; Wang et al. 2007a; Stanton et al. 2010), electrostatic generation (Mitcheson et al. 

2004b), dielectric elastomers (Kornbluh et al. 2002), and magnetoelastic effect (Davino 

et al. 2011). Substantial attention has been paid to the development of a sustainable 
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power supply for autonomous wireless sensors based on such techniques (Roundy et al. 

2003; Mitcheson 2005; Beeby et al. 2006; Casciati and Rossi 2007; Mitcheson et al. 

2008; Jung et al. 2011a; Gkoumas 2012). However, energy-harvesting techniques for 

wireless sensor networks face many challenges. A common issue of energy-harvesting 

devices is that the amount of energy extracted by harvesters is too small to directly 

power the wireless sensors (Park et al. 2008). Many vibration-based energy-harvesting 

devices have micro or small resonant structures (e.g., a beam with a proof mass). The 

output power of such micro devices usually ranges from µWs to mWs (Mitcheson 2005), 

whereas the typical power consumption of a wireless smart sensor (WSS) is from tens 

of mWs to hundreds of mWs (Priya 2005; Lynch and Loh 2006, Miller et al, 2010). The 

existing gap in terms of power implies the necessity of developing energy-harvesting 

devices with relatively larger size and output power to meet the power requirements of 

existing wireless sensors in civil engineering applications. 

 

A strategy to address the power supply problem of wireless sensor networks is to 

integrate damper and sensor systems to drive sensors using the power output from 

dampers. In the past several decades, the dissipative energy from dampers installed in 

civil structures has been ignored and wasted. These dampers actually provide an 

appealing power source in consideration of a large amount of vibration energy they 

absorb. Extracting electrical energy from structural vibration through EM dampers 

using EM induction principles can supply power to wireless sensor networks. The 

energy harvesting through EM dampers allows the energy flows into the monitoring 

system and avoids the energy being dissipated as heat, which will cause over-heating 

and then damage the dampers to some extent. This concept is called a regenerative 

damper, which was proposed in the 1970s and is mostly used in regenerative vehicle 

suspension systems (Arsem 1971; Wendel and Stecklein 1991; Jolly and Margolis 

1997c; Okada et al. 1997; Graves 2000; Nakano et al. 2000; Nakanoa et al. 2003; Bose 

2004; Zuo et al. 2010; Ebrahimi et al. 2011).  

 

However, the simultaneous implementation of energy harvesting and vibration damping 

in civil engineering has received limited attention. EM damping and energy-harvesting 

(EMDEH) device that consists of an EM damper and a properly designed circuit can 

convert the energy extracted by the EM damper installed in a civil structure, as shown in 
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Figure 1.1. The extracted electrical energy is used to power the wireless sensors that 

monitor the structure (Figure 1.1). The merits of a dual-function EMDEH device 

includes greater output power production compared with microscale energy harvesters 

by absorbing substantial vibration energy from structures and the avoidance of common 

overheating problems associated with conventional fluid dampers. 

 

 

Figure 1.1 Conceptual diagram of EMDEH device 

 

Corresponding to the two functions of EMDEH device, two fundamental issues arise as 

follows:  

 

 How to extract the maximum power from EM dampers? 

 How to achieve the optimal control for a structure? 

 

Generating the maximum usable output power from EM dampers is the first problem to 

be addressed in the design of dual-function EMDEH devices. To this end, the maximum 

energy should be delivered from external excitations to EM dampers. Conventional 

impedance-matching strategies that aim to achieve the maximum output power given a 

constant amplitude of open-circuit voltage may not be suitable in this study considering 

the interaction between the EMDEH devices and structures subjected to random 

excitation. The optimization of EMDEH devices consists of two aspects: (a) the optimal 

damping of EMDEH devices that maximizes the energy delivered from the structure into 

the EMDEH device, and (b) the optimal condition of energy harvesting circuit that 

achieves the maximum energy conversion efficiency. The formal optimization requires 

the proper consideration of structural properties. However, the energy transfer path or 

power flow in a coupled structure-EMDEH system, which is usually subjected to random 

excitations, has not been investigated in past studies. The latter optimization was 
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investigated by researchers in the past, typically with parasitic damping (also known as 

mechanical damping) ignored. Thus, the energy-harvesting performance of EMDEH 

devices with inevitable parasitic damping must be assessed, and the corresponding 

closed-form expressions should be derived to find the optimal condition of circuits. A 

proper energy harvesting circuit should be proposed accordingly to meet the optimal 

circuit condition.  

 

The vibration control performance of EMDEH devices for structures is another major 

concern. The energy harvesting circuit not only affects the energy-harvesting 

performance, but also affects the vibration control performance. Some energy harvesting 

circuits used exhibit strong nonlinearities that make the dual-function optimal design 

more challenging. Furthermore, whether the objectives of vibration control and energy 

harvesting are consistent with each other has not been demonstrated in the literature. The 

stochastic characteristics of the loading demand a random vibration analysis for the 

structure-EMDEH system. The consistency of the vibration control and energy 

harvesting functions need to be examined in this way.  

 

In addition to the fundamental and theoretical issues of the dual-function EMDEH 

devices, efforts are stressed in this Ph.D. work to investigate their performance when 

applied to full-scale civil structures considering practical loads. The aforementioned 

problems, including the principles, analyses, and practical applications of the proposed 

dual-function EMDEH devices, form the motivation of this thesis. This thesis is intended 

to address these problems using analytical, numerical, and experimental methods.  

1.2 Literature Review 

1.2.1 Energy Harvesting 

1.2.1.1 Overview of Vibration Energy Harvesting 

Energy harvesting is recognized as an emerging technology in the next decade (Van 

Noorden 2012). Vibration energy harvesting is one of the most rapidly growing research 

areas. This section is not intended to provide an exhaustive literature survey, because 
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some comprehensive review articles are available (Dutoit et al. 2005; Mitcheson 2005; 

Beeby et al. 2006; Park et al. 2008; Szarka et al. 2012; Twiefel and Westermann 2013). 

Instead, a general contour is sketched in terms of mechanism, size, frequency range, 

output power, and optimal design. 

 

 

Figure 1.2 Schematic diagram of a linear inertial generator (Williams and Yates 1996) 

 

Microscale harvesters are attracting strong commercial and academic interests with the 

aid of advanced fabrication techniques for microelectromechanical systems (MEMSs). 

Figure 1.2 shows a schematic diagram of a standard linear generator, which is a 

single-degree-of-freedom (SDOF) linear system with mass m, spring k, and damping 

coefficient c (Williams and Yates 1996). The damping energy represents the electrical 

energy extracted by the transduction mechanism and the energy loss because of parasitic 

damping. EM and piezoelectric are two dominant transduction mechanisms adopted in 

energy harvesting.  

 

Williams and Yates (1996) proposed a microelectric generator using EM induction for 

microsystems in 1996. The proposed microgenerator is actually a linear SDOF oscillator 

inside housing (Figure 1.2), which is an inertial device that can be attached to any point 

of the vibration source. A harmonic analysis was presented. They found that when 

attached to a 330 Hz and 30 μm vibration source, a 5 mm×5 mm×1 mm microgenerator 

can generate 0.1 mW electrical power with 50 μm mass travel. Some commercial EM 

energy harvesters are currently available. One of the successful products is the SEIKO 

self-winding watch. The automatic EM harvester installed in the watch is driven by an 

inertial oscillating weight. The harvester can produce 5 µW on average when the watch 
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is worn; if the watch is forcibly shaken, the output power could be up to 1 mW (Li and 

Pillay 2007). Dutoit et al. (2005) reported EM device that ranges from microscale (0.01 

cm3) to macroscale (75 cm3), with an output power from 1 µW to a few mWs. The 

merits of EM harvesters are low output impedance, which thus have the potential to 

output more usable power. In view of their higher power density, Dutoit et al. (2005) 

recommended EM systems for medium-scale applications. However, Yildiz (2009) 

indicate that one of the existing problems of EM energy-harvesting techniques is the 

low output voltages. In addition, Beeby et al. (2007a) experimentally demonstrated that 

EM coupling is dramatically reduced in microscale devices compared with macroscale 

devices. As a result, a significant reduction of energy-harvesting performance occurs 

when the size of EM harvesters decreases.  

 

 

Figure 1.3 Piezoelectric energy-harvesting beam (Roundy and Wright 2004) 

 

In addition to EM induction, piezoelectric materials can also generate electric energy 

when they are dynamically strained (Mitcheson 2005). The most common configuration 

for energy harvesting is a cantilever beam with piezoelectric patches attached in either a 

unimorph or bimorph form (Park et al. 2008). Figure 1.3 shows a piezoelectric 

energy-harvesting beam presented by Roundy and Wright (2004). A two-layer bender 

(bimorph) mounted as a cantilever beam with a mass placed on the free end is a typical 

configuration of piezoelectric harvester, because the cantilever beam offers the highest 

average strain and thus higher output power for a given input. Piezoelectric materials 

accept large stresses but their strains are small, which constrains large-size applications 

(Lefeuvre et al. 2007). Given that piezoelectric materials are suitable for 

microfabrication, they are efficient for the energy generation of MEMS-scale 

microsystems, whose size generally ranges from 0.02 mm to 1.0 mm. Similar to EM 

harvesters, piezoelectric harvesters have drawbacks. First, the piezoelectric materials 

usually operate at a high frequency (even up to hundreds of kHz) for energy harvesting, 

y
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but the operational vibration sources typically range from 0.1 kHz to 1 kHz. Second, the 

high-output impedance characteristic of the piezoelectric harvesters also has an inherent 

negative effect on the output power. A comparison between EM and piezoelectric 

energy-harvesting devices is presented in Table 1.1. 

 

Table 1.1 Comparison between EM and piezoelectric systems (Poulin et al. 2004) 

System EM Piezoelectric 

Displacement High Low 

Voltage 

Current 

Resonant frequency 

Output impedance 

Adapted load 

Adjustable 

Adjustable 

Adjustable 

Resistive (low) 

Adjustable 

High  

Low 

High 

Capacitive (high) 

High 

 

Dutoit et al. (2005) suggested that the power density (W/cm3 or W/kg) and the energy 

harvesting efficiency would be good indicators for comparing the performance of the 

devices. The optimization of the performance includes the optimal designs of energy 

harvesting circuits and optimal designs of the configurations of harvesters. 

 

On one hand, to improve the performance of energy harvesters, a variety of energy 

harvesting circuits (also known as power conditioning circuits) have been proposed. 

Many electronics require stable DC power supplies. Given the AC voltages generated 

by vibration-based harvesters, rectification is essential. The most common topology 

employed is passive full-wave bridge rectifiers consisting of four passive diodes or 

transistor switches. After the conversion from AC power to DC power, a supercapacitor 

can be charged that is widely adopted in piezoelectric or EM energy harvesters.  

 

Szarka et al. (2012) conducted a comprehensive review of power conditioning circuits  

for kinetic energy harvesters. Maximizing power extraction (Lefeuvre et al. 2007; Toh 

et al. 2008; Kong et al. 2010) and maximizing harvesting efficiency (Cho et al. 2006; 

Xu et al. 2007) are the two main targets to optimize circuits for energy harvesting or 

power generation (D'hulst et al. 2010). Resistance emulation (Lefeuvre et al. 2007; 

D'hulst et al. 2010), resistive impedance matching (optimum resistance matching) 
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(Kong et al. 2010), complex impedance matching (Szarka et al. 2012) and maximum 

power point tracking using feedback loop (Ottman et al. 2002; Toh et al. 2008) are the 

four approaches commonly adopted to achieve the optimal performance. For example, 

Ottman et al. (2003) proposed a DCM buck converter for piezoelectric energy 

harvesting and optimized the duty cycle for maximum output power using the adaptive 

control technique. Similar techniques for output power maximization using feedback 

control have also been reported in wind power generation or solar cells (Koutroulis and 

Kalaitzakis 2006). Lefeuvre et al. (2007) proposed a DCM buck-boost converter 

without any feedback loop to simulate the optimum resistor for maximum power 

extraction. 

 

On the other hand, considering the significant performance degradation of linear 

harvesters with excitation frequency shift, various configurations of harvesters have also 

been developed to widen the operational bandwidth (Cottone et al. 2009; Twiefel and 

Westermann 2013). Twiefel and Westermann (2013) categorized the broadband 

energy-harvesting techniques as linear generators (such as linear generator arrays, 

multi-degree-of-freedom (MDOF) linear generators with closely spaced modes, etc.), 

nonlinear generators (such as bistable/multistable generators, amplitude limiter, etc.), 

and advanced electronic networks. Nonlinear energy harvesters outperform standard 

linear harvesters, because they are more efficient and sensitive to external disturbance, 

and are also insensitive to detuning. 

 

The majority of vibration energy-harvesting researchers focus on the development of 

microscale or macroscale harvesters, whose size ranges from μm level to cm level, 

because the available volume is limited in a wireless sensor or other ultra-low power 

consumption electronics applications of harvesters. As the power requirements of 

microelectronics continue to decrease, the microscale energy harvesters can serve as the 

power supplies to autonomous electronics. Meanwhile, larger size vibration energy 

harvesting has attracted attention in other research communities aiming at providing 

electrical energy to larger power electronic devices or active control systems. For 

instance, biomechanical energy harvesters, ocean wave energy harvesters, and 

regenerative vehicle suspensions have been investigated in the last several decades. 

Bastien et al. (2009) presented an ocean wave energy harvesting using a buoy, which 
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can generate power ranging from 1 W to 10 W. The goal of ocean wave energy 

harvesting using small devices is to power some oceanographic monitoring sensors. 

Donelan et al. (2008) presented a biomechanical energy harvester based on an EM 

mechanism. One EM device (DC brushless motor) on each leg produces an average of 

5 W of electricity, which is 10 times of the output power of shoe-mounted devices. The 

knee angle is feedback to control the duty cycle for the energy harvesting circuit, which 

aims to generate electric power while assisting the knee flexor muscles in decelerating 

the knee. Kymissis et al. (1998) developed a piezoelectric device to harvest the kinetic 

energy during walking for powering a radio transmitter. The impedance of the 

piezoelectric generator is high, e.g., up to 250 KΩ. The average power produced by the 

piezoelectric generator was estimated to be approximately 1 mW to 2 mW. The energy 

is enough to power a transmitter that could send a 12 bit RF identification code every 

three or six steps. Kymissis et al. (1998) also investigated a shoe-mounted rotary 

magnetic generator with the same goal of harvesting the kinetic energy during walking. 

The impedance of the rotary magnetic generator is lower than that of the piezoelectric 

generator (250 KΩ), which is approximately 10 Ω. The presented results show the peak 

powers of roughly 1W and averaging to roughly 0.25W over 5 seconds.  

1.2.1.2 Energy Harvesting in Civil Structures 

The applications of energy harvesting in civil engineering includes self-powered 

semi-active control systems, self-powered active control systems and self-powered 

wireless sensors. This section focuses on the energy harvesting techniques for wireless 

sensors, the other applications will be reviewed in Section 1.2.2.3. The purpose of 

energy harvesting with application to self-powered wireless sensors (also known as 

autonomous wireless sensors) is to exploit efficient, reliable, and robust localized power 

generation. Solar, wind, RF waves, and structural vibrations are the available energy 

sources for structural health monitoring (SHM) wireless sensing nodes in-site. 

 

Miller et al. (2010) developed a solar system to power Imote2 wireless sensor networks 

and its effectiveness has been validated on a cable-stayed bridge. Spencer et al. (2011) 

proposed solar or wind energy harvesting as the power supplies for all 113 WSSs in the 

wireless smart monitoring system for Korean Jindo Bridge. The charging current ranges 

from 50 mA to 200 mA during 8:00 to 18:00 each day, except cloudy days; thus, the 
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rechargeable batteries are successfully charged. The energy-harvesting performance is 

monitored by the WSS network itself, which enables the sensing node to manage the 

sensing scheme automatically with respect to battery voltage status. Hassan et al. (2012) 

proposed a new energy-harvesting wireless crack monitoring sensor powered by a solar 

energy harvester. The presented solar energy harvester (Model No.:CBC-EVAL-08, 

CYMBET Corporation) is commercially available, which consists of a solar panel, a 

boost converter, two CBC050 rechargeable batteries (100 μAh), a charge control circuit, 

and a power management block.  

 

RF wireless energy transmission can be adopted to provide electrical energy to wireless 

sensor nodes in SHM and has attracted attention in the last several years (Mascarenas et 

al. 2007; Taylor et al. 2009). Mascarenas et al. ( 2007) presented an RF wireless energy 

transmission scheme for SHM wireless sensor nodes. The required energy of the 

wireless sensor nodes can be wirelessly delivered as needed by human or a remotely 

controlled robotic device. The lab test results show that a 1 W of 10 GHz X-band 

radiation was successfully transmitted from a horn antenna over a distance of 0.6 m to 

the horn antenna on the target sensor node. A 0.1 F supercapacitor was charged up to 

3.3 V in 200 seconds, which was used to power a Xbee radio (2.4 GHz, MaxStream). In 

the test, the measured average delivered power was 2.5 mW, which is significantly less 

than the theoretical value of 85 mW predicted by a one-way radar equation. The low 

efficiency of the proposed RF wireless energy transmission method warrants some 

future investigation. Another concern is that the received power is inversely 

proportional to the square of transmission distance. However, the results reveal that RF 

wireless energy transmission is a reliable and robust approach for powering long-term 

wireless sensor nodes because the input power and time can be well controlled. The 

ambient RF energy can also be harvested; however, its output power remains low 

relative to the needs of SHM wireless sensors. 

 

Elvin et al. (2006) investigated a 5 cm3 piezoelectric harvester with a cantilever beam 

configuration. The maximum theoretical vibration energy of a piezoelectric beam 

(5 cm3) with a 25 g proof mass was examined, assuming the harvester is attached to 

various civil structures under wind, earthquake, and traffic loadings through 

time-history analysis. They concluded that a 5 cm3 vibration harvester cannot power a 
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modern wireless sensor under wind, traffic, and low-scale earthquake with the imperfect 

electromechanical coupling consideration. However, 5 cm3 piezoelectric-based 

vibration harvesters can generate enough energy from a large-scale earthquake and thus 

provide enough electrical energy for a sensor node to collect and transmit 500 data 

samples. Park et al. (2013) conducted an experimental study of piezoelectric 

energy-harvesting cantilever beams bonded with three types of piezoelectric materials, 

namely M-8557-P1 MFC (blade 1, size:0.3×85×57 mm), PSI-5H4E (blade 2, 

size:0.264×72.4×72.4 mm), and PSI-5A4E (blade 3, size:0.508×72.4×72.4 mm), for 

electrical energy generation. The results exhibit that a blade 2 configuration can 

generate the maximum peak power (about 1 mW). A 3.7 V, 500 mAh battery was 

charged from 2.8 V to 3.55 V over a period of 20 hours using a blade 3 system excited 

at 200 Hz by a 4 g base motion, which allowed the wireless sensor node to operate for 

several minutes. The effective working frequency of the piezoelectric harvesters is in 

the  hundreds of Hz range. 

 

Casciati and Rossi (2007) proposed EM harvester to convert the mechanical energy of 

structures to electricity. An energy-harvesting circuit composed of a Schottky rectifier, 

an energy storage element (a supercapacitor), and a boost converter was proposed to 

process the electrical power output from the harvester. The output voltage was finally 

regulated by the boost converter (MAX1724) to be 3 V to power a smart sensor. The 

proposed EM harvester has a high-impedance feature (with a coil resistance of 2 kΩ and 

a coil inductance of 2 H), which allows a high-voltage output for low-frequency 

vibration (lower than 20 Hz). However, the high internal impedance also constrains 

electrical power output. The test results indicate that the electrical output power ranged 

from μWs to 1 mW. Higher density of magnetic field can achieve better 

energy-harvesting performance, which provides higher electromechanical coupling. 

 

Sazonov et al. (2009) conducted field monitoring of a highway bridge using wireless 

sensors powered by EM generator that harvests the energy induced by passing vehicles. 

An ultra-low power wireless sensor was designed for temperature measurement, which 

consists of a microcontroller from MSP430F2xxx series, a wireless interface using a 2.4 

GHz chip from Nordic Semiconductors, a 10 bit analog-to-digital converter interface, 

SPI/I2C interfaces, and a TC1047 analog temperature sensor from Microchip 
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Technology. The power requirement was estimated as 4.5 mW on average; therefore, the 

harvesters should generate >4.5 mW of usable electrical power. The proposed linear 

inertial harvester uses a high output impedance linear EM device (with a coil resistance 

of 67 kΩ and a coil inductance of 34 H) to achieve high-output voltage with 

low-frequency vibration  matching with the first bending mode of the target bridge (3.1 

Hz). The microcontroller in the wireless sensor was adopted to implement active 

intelligent energy conversion that switches between a low-power mode and impedance 

matching mode. The field test results reveal that the linear inertial harvester (mass=0.09 

kg) can generate a peak power of 12.5 mW with 10 mm displacement amplitude excited 

by the traffic loads, which is sufficient to power the proposed temperature wireless 

sensor. Some details of the design method of the linear inertial EM harvester are 

presented by Li and Pillay (2007). 

 

Jung et al. (2011a) conducted numerical and experimental studies to validate the 

performance of EM energy harvesters attached to a full-scale bridge stay cable with 

wind-induced vibration considering moderate mean wind speed conditions (ranging 

from 1.5 m/s to 5.4 m/s). An SDOF linear inertial generator with a mass of 171 g and a 

frequency tuned at 2.8 Hz to be close to one of the frequencies of the cable was adopted. 

The dissipated power on an external constant resistor (23.65 Ω), which is equal to the 

internal resistance of coils, was regarded as the output power. The experimental results 

show that the harvester can generate a root mean square (RMS) of 27.14 mW power 

when the input acceleration is 74.8 mg. However, the inclination of the cable and the 

large static deflection of the spring element were ignored; thus, the proposed system 

could not be directly implemented for a practical full-scale stay cable. They (Jung et al. 

2012) then proposed a revised scheme, a pendulum-type EM energy-harvesting system, 

which adopts a rotational spring to make the pendulum parallel to the inclined cable. 

With the aid of a rotational spring and the pendulum-type configuration, the effect of the 

cable inclination was eliminated and the static deflection was compensated. However, 

the field test results showed that the RMS output voltage and output power were only 

0.063 V and 0.09 mW, respectively, when the RMS value of the cable acceleration was 

17.3 mg. This phenomenon was attributed to the harvester frequency detuning and low 

electromechanical coupling coefficient. In the simulation, the authors claimed that the 

output power can be up to 43.5 mW RMS with the enhancement of the strength of 
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magnetic field and frequency matching. Kim et al. (2013) further improved their design 

using a pendulum-type EM harvester, which employs a rotational generator with a gear 

box connected to the pendulum mass (139.5 g). The field test results show that the 

output voltage was 0.073 V (RMS) and 0.323 V (peak) when the cable acceleration was 

0.27 m/s2 RMS, which corresponded to an average of 2.60 mW power with resistance 

matching condition. A constant resistor circuit was utilized instead of a practical 

energy-harvesting circuit, which might not represent the actual output power in real 

applications. In addition, the presented harvesters cannot directly be implemented on 

full-scale cables considering its low voltage output in the field test. Han et al. (2013) 

presented analytical and simulation studies of an EM harvester, with a maximum power 

point tracking circuit, applied to a bridge. 

 

In summary, every energy-harvesting technique has its own advantages and limitations. 

Although the solar energy harvesting using a photovoltaic panel and the wind energy 

harvesting using a small wind turbine can serve as the power sources for practical 

wireless smart sensing systems, these two mature techniques depend largely on weather 

conditions. In cloudy days or under low-wind conditions, the solar or wind energy 

harvesting cannot provide sufficient electrical energy for wireless  sensing systems. 

Meanwhile, the RF wireless energy transmission is a reliable and robust approach for 

charging the energy storage elements of wireless sensing nodes; however, the RF 

wireless charging needs periodical implementation by controlled robotic vehicles. 

Vibration energy harvesting seems to be a convenient technique, especially for wireless 

sensors placed on the structures that experience regular vibrations under traffic or wind 

excitations. Piezoelectric harvesters are preferable in microscale harvesters because of 

their convenient fabrication using MEMS techniques. However, the piezoelectric 

harvesters require vibration frequencies in the kHz range for an effective power 

generation. Considering that the vibration frequencies of civil structures, especially 

long-span bridges, high-rise buildings, and bridge stay cables, typically are in 0.1 Hz to 

100 Hz range, EM mechanisms are more suitable for these applications. The output 

power of inertial EM energy harvesting is intrinsically proportional to the proof mass. 

Hence, this technique may require a large mass to fulfill the power demand of WSSs. 

The vibration energy of civil structures is orders of magnitude larger than that of 

small-scale EM harvesters; thus, the energy harvesting via EM dampers installed in 
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structures can provide sufficient electrical energy to adjacent wireless sensing nodes. 

1.2.2 Structural Control and EM Damper 

1.2.2.1 Energy Concepts in Structural Control 

In the design of buildings, the vertical loads (dead and live loads) are the primary loads 

considered. The structures are designed to resist these static loads, which are always 

present. The lateral loads caused by wind or/and earthquake actions should be 

considered in most structures according to the design codes. For the lateral loads, the 

dynamic behavior becomes important considering dynamic amplification and cyclic 

responses (Soong and Dargush 1997). Proper stiffness, sufficient lateral strength, and 

sufficient ductility are the three factors to ensure structural safety in low-intensity to 

major earthquakes. In moderate or major earthquake events, the structural components 

are permitted to yield and crack and thus form plastic hinges to dissipate the seismic 

input energy via hysteretic mechanisms. In this way, the structures avoid collapse 

failures, but some structural and nonstructural components, such as piping systems and 

electrical equipment may be damaged. The large residual deformations of structures 

after strong earthquake events are difficult to be repaired and make the structures to 

appear unsafe to the occupants (Zhu 2007). Strong wind would also cause excessive 

vibrations of high-rise buildings, long-span bridges, and other flexible structural 

components, such as bridge stay cables. The wind-induced vibration will be large and 

thus causes the occupants uncomfortable and leads to structural damage (Xu et al. 1992a). 

Therefore, considerable attention has been given to the research and development of 

structural control techniques in the last several decades (Soong and Costantinou 1994; 

Housner et al. 1997; Soong and Spencer 2002). Yao (1972) first proposed the concept of 

active structural control. High-performance structures can be achieved by using 

structural control techniques, with which the structural safety and the comfort of 

occupants can be enhanced. Structural control, both passive and active control systems, 

may avoid the need for inelastic deformations in structures (Symans and Constantinou 

1999). Mitigation of structural vibration can also prevent nonstructural component 

losses.  
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Substantial research has been conducted on passive structural control through energy 

dissipation strategy, in which various damping devices, also referred to as passive 

energy dissipation (PED) systems, have been successfully used, for example, friction 

dampers, metallic-yield dampers, buckling-restrained braces, viscous fluid dampers, 

visco-elastic dampers, and tuned mass dampers (TMDs) (Housner et al. 1997; Soong and 

Dargush 1997; Soong and Spencer 2002). The passive structural control systems do not 

require any external energy supply. The concept of energy balance in structural 

engineering provides a unifying principle for the theory of PED systems and may also 

provide physical insights into the working mechanisms of semi-active and active control 

systems (Soong and Dargush 1997; Zhang 2001). To illustrate the energy flow in a 

controlled structure, the simplest case, an SDOF linear system, is considered. The 

equation of motion is given by (Soong and Dargush 1997) 

 o
gmx cx kx x mx f          (1.1) 

where m, c, and k denote the mass, damping, and stiffness of a structure, respectively; 

Γo denotes a generic integrodifferential operator; thus, Γox denotes the general response 

characteristics of passive dampers, including displacement, velocity, or acceleration- 

dependent contributions, as well as hereditary effects; gx  denotes the ground motion 

acceleration; f denotes the wind loading. 

 

Integrating the individual force terms in Equation (1.1) over the entire relative 

displacement history, the equation is transformed into the following energy balance 

equation (Soong and Dargush 1997): 

 
  

D S IK P I ws

o
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mxdx cxdx kxdx xdx mx dx fdx             
  

 (1.2) 

where EK, ED, and ES are the relative kinetic energy of mass, inherent viscous damping 

energy, and elastic strain energy, respectively; EP is the dissipative energy by passive 

dampers; 
sIE  and 

wIE denote the input energies caused by ground motion and wind 

forces, respectively. The sum of the energy terms in the left of Equation (1.2) must 

balance the overall input energy in the right of Equation (1.2) relying on the principle of 

energy conservation. Hence, the function of passive dampers is to dissipate or absorb a 

portion of input energy, thus reducing the energy dissipation demand on the primary 

structural members and minimizing possible structural damage (Soong and Dargush 



Chapter 1 Introduction 

 

16 

 

1997).  

 

When portions of structural components yield and crack, the stiffness of the structure 

becomes nonlinear. Thus, the energy term ES is rewritten as (Soong and Dargush 1997) 

 ( )
e pS S S SE f x dx E E   ,

 (1.3) 

where fs(x) is a general function of restoring force;
eSE  and

pSE are the fully recoverable 

elastic strain energy and the dissipative plastic strain energy or hysteretic energy, 

respectively. The hysteretic energy
pSE is usually associated with residual deformation 

and structural damage, therefore reducing hysteretic energy can protect the structure. 

Housner (1956) proposed the energy-based philosophy for earthquake resistant design 

and assumed that a reasonable upper bound of input energy exists in the actual inelastic 

structure under seismic input. This design methodology indicates that the more energy 

dissipated by supplemental energy dissipation devices, the better structural vibration 

control performance is achieved. Lobo et al. (1993) reported a series of shaking table 

tests of a one-third-scale, three-story reinforced concrete-framed building with and 

without viscoelastic braced dampers. The experimental results show that the added 

viscoelastic braced dampers consume the majority of seismic input energy, thus leaving 

only a small amount of hysteretic energy to be dissipated by the structure. Consequently, 

the inter-story drift and story shears in the columns were substantially reduced. Most 

story shears were even smaller than their yield strength. By implementation of the 

dampers, the number of plastic hinges and cracks were reduced significantly when 

subjected to the same earthquake. These test results demonstrate that high-performance 

structures can be achieved through energy dissipation strategies. Similarly, passive 

dampers can be effective against wind-induced motions, thereby enhancing the 

structural serviceability and safety. 

 

In addition to energy dissipation mechanisms, another strategy is to reduce the seismic 

input energy using base isolation systems, which consequently decreases the energy 

demand of structural components. Base isolation or seismic isolation works by shifting 

a short fundamental period that is located in the strongest earthquake energy range to a 

long fundamental period, which reduces the energy transmitted to the building. As a 

result, the dynamic responses, such as the inter-story drift and floor acceleration of 
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buildings, are suppressed. Base isolation is usually used in low- to medium-rise 

buildings and nuclear power plants for earthquake resistant design. However, base 

isolation systems cannot be effective for wind-induced vibration mitigation (Soong and 

Dargush 1997). 

 

 

Figure 1.4 Schematic of the operation of an active control system 

(Spencer and Soong 1999) 

 

Active control is regarded as an excellent control method for vibration suppression in 

comparison with relatively simple passive systems (Housner et al. 1997; Lynch 2002). 

An active control system consists of a sensing system, control actuators, and a centralized 

controller/computer, as shown in Figure 1.4. Feed-forward or/and feedback control can 

be utilized in active structural control; however, feedback control is often preferable 

considering the difficulty of excitation measurement. Active bracing systems and active 

mass drivers/dampers are two typical configurations of active structural control systems. 

Active control is implemented by external-powered hydraulic or electromechanical 

actuators, which apply control forces to the structure in a prescribed manner (Housner et 

al. 1997; Symans and Constantinou 1999). For the simple, linear SDOF model with an 

active control system, the equation of motion has the same form expressed in Equation 

(1.1). The active control force term Γox indicates that the control force is a function of 

the measured structural response. The control forces can generally be used to both add 

and dissipate energies in a structure, which depend on the operation status (Housner et 

al. 1997). A large power source is thus required for ensuring the active control system 

operation. The energy consumption of an active control system can be calculated by 

Γ  in Equation (1.1), but the actual power requirement is larger because of 
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the power loss in the actuators. The major differences between an active control system 

and a passive control system are that the former can input energy into the system and 

use non-local information in the case of MDOF system. Soong et al. (1991) presented a 

full-scale six-story steel-framed building (m=600 tons) that requires a peak control force 

of 695.5 kN and a peak instantaneous power of 59.02 kW when subjected to 0.6-scale 

Hachinohe earthquake ground motion. For large structures, the peak instantaneous 

power of the hydraulic actuators is expected to be larger, which is estimated to be at the 

MW level in major earthquake events (Symans and Constantinou 1999). The practical 

available power source and limited peak control force required by active control 

systems may constrain its control performance. The first application of active control to a 

full-scale building was conducted in the Kyobashi Center, Tokyo, Japan, which was 

designed by Kajima Corporation in 1989 (Ikeda et al. 2001). Two hydraulic active mass 

drivers (4.2 and 1.2 tons; approximately 1% of the structural mass; one for lateral motion 

suppression; the other for torsional motion suppression) were installed on of the top floor 

of the 11-story structure. Although some other application cases of active control 

systems have been implemented, mainly in Japan, the cost effectiveness and reliability 

of the systems limit its wide spread acceptance (Spencer and Nagarajaiah 2003).  

 

 

Figure 1.5 Schematic of the operation of a semi-active control system  

(Spencer and Soong 1999) 

 

Semi-active control systems, which require relatively little external power and provide 

high reliability, are proposed to address some limitations of the active control systems. 

The semi-active control systems can be categorized into variable damping and variable 

stiffness devices. The nature of a semi-active device is adaptively adjusted to be optimal 
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in real time based on the responses of structures or/and excitation, as shown in Figure 

1.5.  

 

Variable damping systems, including variable-orifice fluid dampers, controllable 

friction devices, controllable fluid dampers, smart TMDs, and semi-active 

magneto-rheological (MR) fluid dampers, are popular in recent years for civil structure 

vibration mitigation. The control forces are generated by utilizing the motion of the 

structure (Symans and Constantinou 1999). Consequently, the semi-active control 

systems do not add any mechanical energy to the structure, and the bounded-input and 

bounded-output stability of the system can be guaranteed (Housner et al. 1997). The 

energy term Γ  in Equation (1.1) is the energy dissipated by the 

semi-active devices. The semi-active devices are similar to passive devices in terms of 

energy, but the former is a closed-loop system that provides adaptability to broader 

frequency-range disturbance and avoids the detuning problem of a passive system.  

 

Variable stiffness devices or semi-active stiffness control devices are the other category 

of the semi-active control systems. The semi-active stiffness control devices work by 

tuning the stiffness of the braces, thereby avoiding the resonant-type motion during 

earthquakes. The working mechanism is to reduce the input energy, as well as the 

energy demand of structural elements. The semi-active control has received increasing 

interest because of its potential for a robust, reliable, and low-power structural control. 

 

Although optimal passive devices could achieve comparable control performance with 

semi-active control systems in some cases (Ahmadizadeh 2007), the latter performs 

better than the former considering the uncertainties or alterations of structural properties 

and excitation. Semi-active control systems can also achieve comparable control 

performance with active control systems (Spencer and Nagarajaiah 2003). However, 

only tens of Watt of power are required for the semi-active control system operation 

(Symans and Constantinou 1999), which enables the use of batteries as the power 

source for the semi-active control systems. The battery-powered feature is desirable, 

because the electric grid may be damaged in the cases of hazards, which has been 

observed in the earthquakes in Wenchuan, China (2008) and Fukushima, Japan (2011).  

In summary, passive and semi-active damping devices mitigate structural vibrations 
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through energy dissipation; base isolation and semi-active stiffness devices reduce the 

input energy; active control systems both dissipate and add mechanical energy to 

structures to balance the input energy. The dissipated energy of the passive dampers, 

semi-active damping devices, and active control systems in dissipation mode can be 

converted to electricity through proper electromechanical transducers, such as EM 

devices. Hence, the regenerative/harvested electricity can serve as the power supply for 

wireless sensors, semi-active devices or actuators, rather than directly converted to heat. 

Furthermore, the energy extracted outside of EM devices limits the self-heating of 

devices. The regenerative EM dampers/actuators will be reviewed in the succeeding 

section. 

1.2.2.2 EM Dampers for Civil Structures 

EM devices can convert mechanical energy into electric energy through EM induction. 

Such devices are widely used in power generation or harvesting. Over the last two 

decades, growing interest has been directed toward employing various EM devices for 

structural vibration control. EM devices have traditionally been used as actuators in 

structural active control systems. EM devices have been proposed to serve as passive 

dampers in civil engineering structures. Sunakoda et al. (1992) proposed a passive EM 

damping device consisting of an electric generator and a thrust-rotational translating 

unit. The damping characteristics have been experimentally validated. Palomera–Arias 

(2005) proposed linear EM devices as passive dampers for building vibration control. 

The modeling of EM damping coefficient under pure resistor condition and the feasibility 

of using it for building vibration control are studied. In this thesis, a design approach of 

EM dampers targeted to achieve the maximum damping density is presented. The 

damping density and the unit cost of the device are studied. The analysis results reveal 

that the maximum damping density of EM devices is typically lower than that of 

hydraulic dampers.  

 

Ohtake et al. (2006) further investigated an passive EM damper combined with a 

rotating moment of inertia. A cyclic test of the passive EM damper prototype, consisting 

of an electric generator and a ball screw, were conducted. The experimetnal results 

showed that about a peak damper force of 1.5 kN can be achived by using a gear box 

with a ratio of 107:1 under a sinusoidal displacement input (an amplitude of 5 mm and a 
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frequency of 0.2 Hz). Their theoretical and numerical study on a SDOF 

structure-damper system demonstrated that the inertial mass of the proposed passive 

EM damper benefits the vibration control performance. Nakamura et al. (2014) further 

proposed an EM inertial mass damper (EIMD) for passive structural control, which is 

composed of a ball screw mechanism, a flywheel, a gear box and an electric generator. 

The equivalent mass is mainly contributed by the amplified moment of inertia of the 

flywheel, while the damping is provided by the electric generator. A series of shaking 

table tests of a three-story structure (mass of each floor: 6000kg; overall height: 9m) 

installed with three reduced-scale EIMD (maximum equivalent mass of a single damper: 

12000kg; maximum damping coefficient of a single damper: 115 kN·s/m) were 

conducted. The test data and numerical results indicated that the EIMDs can achieve 

comparable story drift control performance to the conventional fluid viscous dampers 

and visco-elastic dampers. Furthermore, the EIMDs outperform the two types of 

conventional dampers in acceleration responses control. A full-scale EIMD (length: 

1382mm, weight: 325 kg, Maximum load: 500kN) was also fabricated, which can 

provide an equivalent mass of 2.0 10 	kg and damping coefficient of 3050 kN·s/m. 

 

The cost of EM dampers using linear EM devices is about five times higher than that of 

fluid dampers (Palomera–Arias et al. 2008). However, due to the use of a 

linear-to-rotational converter, the damping density will be largely enhanced, thus results 

in a smaller size of permanent magnet device. In this way the cost of EM dampers will 

be reduced. Nakamura et al. (2014) reported that the cost of an EM damper consisting 

of a ball screw, a gear and a generator will be comparable to that of a conventional 

damper (e.g., a viscous fluid damper). 

 

Eddy current dampers are EM devices that dissipate energy as heat on a conductor that 

moves inside a magnetic field. Seto and Yamanouch (1978) proposed an eddy current 

damper for a variable stiffness-type dynamic absorber. The idea has been validated by 

theoretical and experimental results. Jang et al. (2002) designed and fabricated a 

large-scale eddy current damper for structural vibration control. The proposed damper 

consists of neodymium (NdFeB) magnets, a coil-wrapped nonmagnetic hollow 

rectangular structure, an iron core as a pathway for magnetic flux, and a mechanical 

spring. The mass of the moving part of the proposed damper is 1500 kg. The feasibility 
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and control performance of the proposed damper were validated by a test of a 120 ton 

structure installed with the proposed damper subjected to sinusoidal or random base 

excitation. Wang (2011) proposed a TMD using eddy current damping for civil structure 

vibration mitigation. Permanent magnets are attached to the moving mass in the 

proposed configuration, in which the relative motion between the permanent magnet 

arrays and the conductor generates a desirable damping force. A large-scale 

vertical-motion TMD prototype with a mass of 715 kg and a frequency range from 1.9 

Hz to 2.0 Hz was designed and experimentally studied for footbridge vibration-control 

application. An NdFeB permanent magnet material (N35) and a rectangular copper plate 

were used to produce the eddy current damping to the TMD prototype. Furthermore, a 

large-scale horizontal-motion TMD were developed using two cantilever beams as the 

stiffness and eddy current damping components. Field tests were conducted to validate 

the control performance of a 124.1 m-high transmission tower equipped with the two 

TMDs. The experimental results verify that the first bending mode of the tower can be 

suppressed with increasing 3% to 4% modal damping ratio. 

 

Some researchers have proposed EM shunt damper (EMSD) to mitigate structural 

vibration in resonance. Unlike the passive EM dampers connected to resistors, one or 

more RLC shunt circuits are attached to EM device terminals. If the natural frequency 

of the RLC circuit is tuned to be close to one of the structural vibration frequencies, an 

EMSD installed on a structure can effectively suppress structural vibration through the 

resonance and dissipation of the circuit. Behrens et al. (2005) determined the optimal 

damping resistance of the shunt circuit of an EMSD and experimentally validated it 

using a simple EM mass spring damper system. Fleming and Moheimani (2006) 

proposed a sensorless active shunt impedance for EM transducers used as vibration 

absorbers. The experimental results show that the two peaks in frequency response 

function (FRF) decreased by 18.7 and 23.6 dB. Marneffe (2007) derived the optimal 

parameters of EMSD through root locus analysis and H∞ minimization. Inoue et al. 

(2008) optimized the circuit parameters of an EMSD using the classical Den Hartog’s 

method (Ormondroyd and Den Hartog 1928; Den Hartog 1956), which is also known as 

H  optimization. Cheng and Oh ( 2009) studied the multi-mode vibration control of a 

cantilever beam using an EMSD connected to multiple shunt circuits. Zhang et al. (2012) 

proposed an EMSD with adjustable frequency-independent damping for multi-mode 
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vibration control by using negative inductance and negative resistance technique.  

 

Mekki at el. (2012) proposed a semi-active pendulum device to control the torsion mode 

of a bridge during construction. The semi-active pendulum device is a pendulum-type 

TMD; the damping of which is provided by a gear with an alternator. When the bridge 

starts vibrating, the mechanical energy is converted into electrical energy to be 

dissipated to heat through a resistor. A metal oxide semiconductor field-effect transistor 

(MOSFET) switch is connected to the alternator terminals. The semi-active control 

strategy changes the resistor in real time by controlling the duty cycle of the switch. In 

such a way, the switch circuit can lock the apparent stiffness and damping of the 

semi-active pendulum device at their desired optimal values to match the changes of a 

controlled bridge at different construction stages.  

 

In summary, EM devices could serve as dampers and actuators in passive, active, or 

semi-active modes. Several advantages of these devices can be identified. First, their 

damping can be easily controlled by electrically changing their external resistance. 

Second, such devices dissipate the energy partially in the external resistor, which limits 

over-heating in the damper. Third, it is feasible to use the EM devices for energy 

harvesting.  

1.2.2.3 Regenerative EM Dampers 

In light of the energy conversion from mechanical energy to electrical energy, EM 

devices can serve as energy-harvesting or energy-regeneration devices. The objective of 

energy regeneration through EM devices is to enable the energy flows in the closed 

cycle of a semi-active or active control system, which results in a reduction or even 

complete exemption of the power requirement of external power sources. This concept 

is called regenerative damping, regenerative dampers, or regenerative actuators, which 

has been employed since the 1970s mostly in the regenerative vehicle suspension 

systems (Arsem 1971; Wendel and Stecklein 1991; Jolly and Margolis 1997c; Okada et 

al. 1997; Graves 2000; Nakano et al. 2000; Nakanoa et al. 2003; Bose 2004; Zuo et al. 

2010; Ebrahimi et al. 2011). For instance, Arsem (1971) proposed a regenerative electric 

shock absorber for vehicle suspension systems. This absorber utilizes an electric 

generator, such as EM or piezoelectric generator, to replace conventional hydraulic unit 
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to convert the mechanical energy to electrical energy. The electrical energy is processed 

by a rectifier to charge a rechargeable battery directly. Suda and Shiiba (1996) pioneered 

a hybrid vehicle suspension system with active control and energy generation. Graves 

(2000) developed an EM vehicle suspension system with an energy recovery feature. He 

also proposed an optimal design method for the regenerative suspension system using a 

switch-mode DC–DC converter by assuming a constant rectifier output voltage of EM 

devices. Kim and Okada (2002) investigated the active vibration control of vehicle 

suspension system using EM damper. One of the most successful commercial product is 

the Bose active suspension system (Bose 2004), which employs a linear EM motor as 

the regenerative damper.  

 

Jolly (1993) and Jolly and Margolis (1997a) studied the diagnosis, design, and utility of 

power conserving subsystems. The potential for energy regeneration in a broad class of 

dynamic subsystems was analyzed. A mathematical analysis of multi-node linear time 

invariant (LTI) subsystems imbedded within a host LTI system was conducted using 

impedance matrices. Jolly and Margolis(1997b) investigated regenerative actuators for 

active vibration control systems theoretically and experimentally. Base-excited 

suspensions and compound mounts with periodic excitation were studied. The 

theoretical results show that the regenerative actuator exhibits positive average energy 

absorption regardless of the excitation nature. However, the compound mount 

application is dependent on the nature of input spectrum. Preliminary experimental 

results showed that the regenerative force actuator outperforms the passive isolation.  

 

Nerves and Krishnan (1996) studied the feasibility of using a rotational brushless DC 

motor as a regenerative actuator coupled with a hybrid mass damper attached to the 

structure. The simulation results show that about 20% to 70% of the power requirement 

for the control system can be reduced by use of this device.  

 

Vujic (2002) studied regenerative control topology of an active isolator. The study used 

a piezoelectric stack actuator or a linear EM actuator (voice-coil actuator) as the 

regenerative devices. Different feedback control strategies were analyzed for 

maximizing the regeneration of energy using SDOF mechanical system considering a 

harmonic disturbance. The analytical results show that the damping of the SDOF 
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mechanical system with regenerative control is less than the short-circuit electrical 

configuration.  

 

Harne (2012) conducted an analysis of SDOF or two-degree-of-freedom (2-DOF) linear 

EM oscillators (such as TMD) attached to a panel for simultaneous vibration mitigation 

and energy harvesting. The SDOF device is superior to the 2-DOF device in both energy 

harvesting and vibration mitigation. The optimizing parameters, mass ratio, and energy 

harvesting circuit load resistance are in relative close proximity for the vibration 

mitigation and energy harvesting.  

 

Recently, some researchers have proposed energy harvesting or energy regeneration 

through EM devices in civil engineering, in which the power harvested by transducers is 

used to drive force actuators or smart dampers. Auge (2003) proposed the concept of 

energy harvesting via EM dampers, also known as magnetic induction dampers, with 

application to building active control subjected to earthquake ground motions. The 

harvested energy based on the building inter-story motions was used to power the active 

devices for controlling the structural vibration. This type of energy-harvesting dampers 

is more attractive with application to the base isolation of building, because the isolator 

displacement is larger than the inter-story displacement. The preliminary numerical 

simulation roughly estimated that a total of 20 kW power can be harvested by EM 

dampers installed in the isolator of a six-story building (total mass:70 tons) under 

2.0-scale El Centro earthquake ground motion, in which a single EM damper can 

harvest about 5500 W power. The simulation did not involve detailed technical 

parameters of EM dampers and circuits, so that the estimated power did not consider the 

power loss in EM dampers and circuits.  

 

Scruggs (1999) proposed a regenerative active or hybrid mass damper (proof-mass 

actuator) using permanent magnet machine (motor or generator) for seismic protection 

of structures. Scruggs  (2004) also proposed a regenerative force actuation (RFA) 

network using a permanent magnet machine in civil structures subjected to seismic 

excitations. In the proposed RFA network, some devices extract mechanical energy from 

structural vibration, while others re-inject a portion of that energy back into the structure 

for suppressing the vibration of other DOFs. Overall, an RFA network must always 
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dissipate energy. Nonlocal and asymmetric damping forces can be realized using the 

proposed RFA network, which outperforms the traditional linear damping. Feedback 

control can be implemented in the RFA network based on various control law synthesis. 

A simulation of a three-story structure with a two-actuator (EM machine) RFA network 

subjected to seismic force input was conducted to demonstrate this idea. 

 

Wang et al. (2009) proposed a self-powered semi-active control system based on an MR 

damper for bridge seismic protection. The proposed system uses a linear 

permanent-magnet DC generator that serves as a velocity sensor and a power generator. 

The harvested power is used to power the MR damper through a control circuit. The 

simulation results reveal that the proposed self-powered skyhook control can well 

suppress the bridge deck and pier dynamic responses. Jung et al. (2011b) proposed the 

use of EM device to power an MR damper for the vibration mitigation of stay cables, in 

which the vibration control and energy-harvesting functions were fulfilled by the two 

respective devices.  

 

Ni et al. (2011) conducted a 76-story benchmark simulation study considering 

along-wind and across-wind excitations. The energy-harvesting potential was assessed 

assuming that the overall damping power dissipated by classical, parallel, and series 

TMD is the overall power output from the TMD. Tang and Zuo (2010) proposed a 

regenerative semi-active series TMD to conduct vibration control and energy harvesting 

simultaneously. A simulation employing Taipei 101 building model installed with the 

proposed regenerative semi-active series TMD was conducted. The numerical results 

indicated that the proposed system effectively controls the vibration while harvesting 

instantaneous power of 100kW-level  from the building when subjected to white noise 

input (power spectral density of 4 10 ∙ ). Tang and Zuo (2012) proposed 

self-powered semi-active and active control systems using the LQG method based for a  

regenerative TMD. The pulse width modulation (PWM) based on step-up chopper 

circuit (Kim and Okada 2002; Dwari et al. 2008) was employed as the energy 

harvesting circuit. An experiment of the regenerative TMD was also conducted using a 

fixed duty cycle step-up chopper.  
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1.2.3 Remarks 

The microscale energy harvesters currently cannot provide enough electrical power to 

wireless sensors used in civil structure SHM systems. Larger scale harvesters have been 

proposed, and some of them have been demonstrated successfully, such as solar panels 

and small wind turbines (Spencer et al. 2011). However, the energy-harvesting 

techniques for wireless sensors remain in its infancy. Alternative techniques for 

providing a reliable, robust, and efficient energy harvesting for wireless sensor networks 

are desirable. Considering the emerging needs for a renewable energy at remote sites, 

the conventional “energy dissipation” strategy might not be an optimal structural control 

strategy. Insufficient attention has been paid to energy harvesting via dampers aiming to 

provide power for wireless sensor networks. In particular, a gap exists between current 

research and employing EM dampers for simultaneous vibration control and energy 

harvesting in civil structures. 

1.3 Research Objectives 

This study is intended to develop EMDEH devices installed in civil structures for 

simultaneous vibration control and energy harvesting. Provided that the generated 

energy is properly stored in energy storage elements (e.g., supercapacitors and 

rechargeable batteries), EMDEH devices can provide green and regenerative power 

supplies to the wireless sensors at remote sites. Through extracting a portion of the 

vibration energy from the structure, the vibration of the primary structure can be 

mitigated in a passive way. The objectives of this thesis are as follows: 

 

1. To establish a mathematical model of EMDEH devices by considering four types of 

energy harvesting circuits, namely, resistor, standard energy-harvesting circuit 

(SEHC), voltage-mode controlled DC–DC converter, and a performance 

optimization circuit using a fixed duty cycle discontinuous conduction–mode (DCM) 

buck-boost converter. The closed-form expressions of equivalent damping 

coefficients and harvesting efficiencies are to be derived for both vibration control 

and energy-harvesting purposes. The maximum harvesting efficiency and the 

optimal load resistance will also be derived. The proposed modeling will be 
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validated. 

2. To analyze the coupled EMDEH-structure system based on the linear random 

vibration theory considering the external random excitation. The closed-form 

solutions of the output power of EMDEH devices will be derived considering both 

SDOF and MDOF structures. Based on the analytical solutions, the consistency and 

contradiction of the vibration control and energy harvesting will be discussed. An 

optimal design method of EMDEH device will be proposed for civil structure 

application. 

3. Two application examples, regenerative TMD for high-rise buildings and EMDEH 

device for bridge stay cables, are investigated in this study. Two lab tests are 

conducted for the proof-of-concept and the evaluation of its performance with 

respect to vibration control and energy harvesting. The regenerative TMD and 

EMDEH device performance, when applied to full-scale buildings or stay cables, 

are predicted by numerical simulation and compared with test results. Some 

practical issues arising from EMDEH device application will be discussed 

accordingly. 

1.4 Thesis Outline 

The remainder of this thesis is organized as follows: 

 

Chapter 2 presents the power flow, efficiency definition and mathematical modeling of 

EMDEH devices. The mathematical modeling of EMDEH devices considers parasitic 

and EM damping for vibration mitigation. With different circuits incorporated into 

EMDEH devices, the equivalent damping and harvesting efficiency are derived 

accordingly. The theoretical upper bound of the harvesting efficiency and the optimal 

load resistance for achieving maximum harvesting efficiency are presented for the 

optimal design of the device. 

 

Chapter 3 describes the testing of two small-scale linear EM dampers connected to 

different circuits. The modeling presented in Chapter 2 is validated.  

 

Chapter 4 presents the analysis of the coupled EMDEH-structure system with respect to 
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damping and output powers considering linear structure and band-limited white noise 

input. The closed-form solutions of the output power of EMDEH devices when 

incorporated into SDOF or MDOF structures are derived. The consistency of the two 

objectives—vibration control and energy harvesting—are illustrated. Based on the 

analytical results, a simple design method of EMDEH devices using the performance 

optimization circuit is proposed. 

 

Chapter 5 describes a proof-of-concept shaking table test of the regenerative TMD and a 

numerical simulation of this device applied to a full-scale wind-excited 76-story 

building subjected to across-wind excitations. The performance of the regenerative 

TMD is evaluated with different mean wind speed for both vibration control and energy 

harvesting.  

 

Chapter 6 presents a lab test of a small-scale EMDEH device applied to a scaled bridge 

stay cable and a numerical simulation of its application to a full-scale stay cable. The 

proposed optimal design method for EMDEH device is examined in the test. The 

performance of EMDEH device installed in a full-scale bridge stay cable is then 

considered.  

 

Chapter 7 summarizes the major conclusion drawn from the analytical, experimental, 

and numerical results. A discussion is made focusing on the current study limitation and 

challenges, which might benefit the future research in this area. 
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This chapter presents the principle of EMDEH devices in terms of configuration, 

damping characteristics, and energy harvesting efficiency. The power flow from 

excitation to energy storage element is introduced. Accordingly, the harvesting 

efficiency is defined with clear identification of each term of power loss in the energy 

conversion. The optimal load resistance for maximizing the harvesting efficiency is also 

derived, which guides the optimal design of EMDEH devices. In particular, a fixed duty 

cycle buck-boost converter operated in DCM is proposed to emulate a resistor that 

matches the optimal load resistance condition for maximizing the harvesting efficiency. 

This optimization strategy is free from feedback loop and external power supply, 

enabling EMDEH device to be an autonomous and standalone system. In this chapter, 

the corresponding closed-form expressions for the damping coefficient and harvesting 

efficiency are also provided. 

2.1 Configuration of EMDEH Devices 

In this section, the concept of EMDEH device is introduced through the presentation of 

the simplest model equipped with such device. Figure 2.1 shows EM damper installed 

in an SDOF structure, in which an energy harvesting circuit is attached to the damper 

terminals. The energy input by the external excitations to the structure is extracted by 

EM damper and is converted into electrical energy. In such a way, the energy is 

delivered to the circuit for energy harvesting. In sum, EMDEH device consists of the 

following two components: 

EM damper: generates damping force against the relative motion, thus suppressing 

the structural vibration, and produces electromotive force (EMF) to deliver electrical 

energy to the attached circuit. 

Energy harvesting circuit: is essentially one type of power conditioning/processing 

circuit in the area of power electronics. A typical energy harvesting circuit is composed 

of an interface circuit and an energy storage element, as shown in Figure 2.1. The 
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interface circuit processes and regulates the AC voltage waveforms (also known as AC 

power) generated by the EM damper to the target DC voltage (also known as DC power) 

and to charge the energy storage element. A supercapacitor or a rechargeable battery is 

commonly used as the energy storage element, while rectification plus voltage 

regulation is widely adopted to transfer the AC voltage waveforms to the target DC 

voltage waveforms.  

 

 

Figure 2.1 Schematic of EMDEH device for an SDOF structure (f, m, k, and cs are the 

external force, structural mass, structural stiffness and structural inherent damping 

coefficient, respectively; i0 and ui are the current and voltage input to the attached 

circuit, respectively; ic and uc are the charging current and charging voltage of the 

energy storage element, respectively). 

 

Consequently, the EMDEH device is a dual-function device that provides both vibration 

control and energy harvesting. The two components, EM dampers and energy 

harvesting circuits, will be elucidated in the subsequent subsection. The damping of 

EMDEH device, which corresponds to EM damper parameters and energy harvesting 

circuit characteristics, are the major concern for suppressing structural vibration. The 

energy-harvesting performance is significantly affected by the energy harvesting circuit 

used.  

2.2 EM Dampers 

2.2.1 Basic Configuration 

A passive EM damper is essentially a permanent magnet linear motor that can produce 

electrical power from motions. Figure 2.2 shows a typical configuration of a linear 
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moving magnet machine from BaldorTM linear motor (Palomera–Arias 2005), which can 

serve as EM damper. Three typical configurations of EM dampers exist, namely, 

moving coils, moving iron, and moving magnet types (Palomera–Arias 2005; 

Palomera–Arias et al. 2008). Despite the obvious differences in the configuration of EM 

dampers, the underlying principle in all cases results from EM induction. As shown in 

Figure 2.2, EM damper has two major components—a permanent magnet and coils. 

According to Faraday’s law, when the permanent magnet and coils move relative to 

each other, a back EMF (i.e., open-circuit voltage) is generated in the coils. The 

open-circuit voltage is proportional to the velocity of the moving part in EM dampers 

but opposite in sign. The open-circuit voltage u0 is given by (Okada and Harada, 1996; 

Palomera–Arias 2005) 

 0 e du e K x     (2.1) 

where Ke is the back emf constant (V·s/m) dependent on the geometric and magnetic 

properties of EM dampers, dx  is the velocity time history of EM damper. 

 

Permanent 
Magnet

Coil 1 (+) Coil 2 (-)

Coil 1 (-) Coil 2 (+)

Pole
Shoe

S N

 

Figure 2.2 Typical configuration of EM dampers (moving magnet) (Palomera–Arias 

2005) 

 

According to Lorentz’s law, the back emf produces a current if the circuit is closed. 

Consequently, EM force is exerted on the moving magnet that is given by (Okada and 

Harada, 1996; Palomera–Arias 2005) 

 em f 0f K i  (2.2) 
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where i0 is the instantaneous current in the coils; the proportional coefficient Kf is the 

force constant of the damper (N/A), which is equal to Kem. Hence, Kem = Kf = Ke, which 

is also known as the machine constant of EM damper.  

 

EM damping force is always against the relative movement and converts a portion of 

vibration energy into electricity instead of heat. The electrical energy can thus be 

extracted if properly designed circuits are used. However, Palomera–Arias et al. (2008) 

studied EM dampers for the vibration control of civil structures and found that the 

damping density of EM damper made of N35 NdFeB magnets is typically lower than 

that of viscous fluid dampers. They also elucidated the optimization of EM damper 

configuration for achieving high damping density. The size of EM damper with a 

short-circuit condition was found to be at least 1.6 times the size of the viscous fluid 

damper with the similar damping performance.  

2.2.2 Enhancement of Damping Density 

Considering the significant damping forces required in civil structures, a 

linear-to-rotational motion converter is recommended to improve the damping density 

of EM damper. Figure 2.3 shows another configuration of EM damper, which consists 

of a rack-and-pinion converter, a gear box, and a rotational EM device (e.g., a 

permanent magnet DC motor or a three-phase alternator). The conversion of linear 

motion to rotational motion not only increases the damper stroke but also significantly 

accelerates the rotational speed. If a DC motor is used and the loss caused by backlash 

is ignored, the equivalent machine constant has the following form: 

 eq g emK n K  (2.3) 

where β is the linear-to-rotational conversion coefficient of the rack-and-pinion system, 

as defined by Scruggs and Iwan (2003); ng is the gear box ratio; Kem is the machine 

constant of the DC motor or three-phase alternator.  

 

Substituting Equation (2.3) into Equations (2.1) and (2.2), the induced open-circuit 

voltage, coil current, and EM damping force are dramatically increased. As a result, the 

corresponding damping density is enhanced. It is noted that the inertial force of the EM 
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Figure 2.4 A two-port model for the representation of EM damper 

2.2.4 Damping Characteristics 

A constant resistor connected to the output port of EM damper is considered, as shown 

in Figure 2.5. This case represents a general case when the circuit used can be 

equivalent to a resistor or the input impedance of the interface circuit is resistive. The 

damping characteristics of EM dampers are established with respect to parasitic and EM 

damping. 

 

Figure 2.5 EM damper connected with a constant resistor 

2.2.4.1 Parasitic Damping 

As aforementioned, parasitic damping arises because of various mechanical losses, for 

example, friction loss, windage loss, and magnetic loss (also known as iron loss), when 

the EM damper oscillates. The magnitude of parasitic damping usually cannot be 

overlooked compared with EM damping. Although modeling each loss separately is 

possible, directly applying such complex modeling in the dynamic analyses of civil 

structures with EM dampers is often impossible. According to the observations in testing, 

emK

emK
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the parasitic damping is modeled by a superposition of two components—viscous 

damping and Coulomb damping—in this study. These two damping forms are widely 

considered in the dynamic analyses of civil structures. The latter is a typical 

rate-independent damping form used to account for the friction effect. Under a harmonic 

excitation, the average power of parasitic damping can be estimated by 

 2 2 2
p c m4 2P F fd c f d   (2.4) 

where Fc represents the magnitude of Coulomb friction force, and cm is the viscous 

damping coefficient, d is the displacement amplitude of harmonic motion, and f is the 

oscillation frequency of harmonic motion. Based on the average power of parasitic 

damping pP , the equivalent viscous damping coefficient for the parasitic damping 

(parasitic damping coefficient) Cp can be evaluated according to the equal energy 

dissipation rule as follows: 

 2
p p d0

1 T
P C x dt

T
    (2.5) 

According to Equations (2.4) and (2.5), the parasitic damping coefficient Cp is 

 c
p m2

2F
C c

fd
   (2.6) 

where Fc and cm are the constants to be evaluated using pP . The parasitic damping 

coefficient Cp varies with the frequency and amplitude of the harmonic oscillation 

because of the consideration of Coulomb damping.  

2.2.4.2 EM Damping 

Considering the typically low vibration frequencies of civil structures (e.g., 0.1Hz to 

10Hz) and the relatively small value of Lcoil of EM damper, the effect of coil inductance 

is ignored in this study unless otherwise stated. Thus, the current flowing through the 

coils of EM damper is given by 

 0
0

coil load

u
i

R R



 (2.7) 

According to Equations (2.1), (2.2) and (2.7), we have 
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2
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em d
coil load

K
f x

R R



  (2.8) 

 
2
em

em
coil load

K
C

R R



 (2.9) 

Equation (2.9) is also reported by Graves (2000) and Stephen (2006). Equation (2.8) 

indicates that EM damping force is proportional to velocity; thus, EM damping can be 

viewed as linearly viscous damping when EM damper is connected to a resistor alone. 

The total damping coefficient of EM damper Cd is the superposition of the parasitic and 

EM damping as expressed below: 

 d p emC C C   (2.10) 

EM damping coefficient can be easily changed by adjusting the external resistance Rload. 

The maximum EM damping can be achieved with a short circuit, that is,  

 2
em,max em coil load/      when 0C K R R   (2.11) 

Equations (2.8), (2.9), and (2.11) are true by replacing Kem with Keq when employing a 

linear-to-rotational motion converter (Figure 2.3) to enhance the damping density of 

EMDEH device. 

2.3 Power Flow 

 

Figure 2.6 Power flow of a structure with EMDEH devices 

 

Power flow or energy flow is a fundamental issue in energy harvesting from a vibrating 

structure; thus, considerable effort has been paid in this issue, such as the energy 
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harvesting using piezoelectric materials (Liang and Liao 2009; Liang and Liao 2011). In 

this subsection, based on the energy conservation principle, the power flow of 

dual-function EMDEH devices, when incorporated into structures, is established for 

linear system subjected to stationary vibration. According to the energy conservation 

equation, the input energy to a structure subjected to dynamic external excitations is 

always equal to the summation of the kinetic energy of structural mass, the structural 

strain energy, the dissipative energy caused by structural inherent damping, and the 

dissipative energy caused by passive dampers if any (Soong and Dargush 1997). This 

energy balance or energy conversion can be represented in power flow, as shown in 

Figure 2.6, which enables the direct assessment of the energy-harvesting performance, 

in terms of output power and energy harvesting efficiency. The power terms in the flow 

from the external excitation to EMDEH devices are presented as follows. 

2.3.1 Power Flow in Structures 

A general MDOF structure equipped with EMDEH devices is considered. One or more 

EMDEH devices can be installed in MDOF structures for vibration mitigation and 

energy harvesting simultaneously. N-dimensional vector Fd symbolizes the damper 

forces provided by EMDEH devices; and the structure is assumed to respond within an 

entirely elastic range. As a result, the equation of motion of the structure-EMDEH 

system is given by 

 s dMX + C X + KX F = F   (2.12) 

where M, Cs, and K are N×N global mass matrix, damping matrix, and stiffness matrix, 

respectively; X , X , and X  are N-dimensional vectors that denote the acceleration, 

velocity, and displacement response relative to ground, respectively; F is N-dimensional 

vector that denotes the external force vector imposed on N-DOF structure.  

 

The energy balance equation can be formed by integrating the individual force terms in 

Equation (2.12) over the entire relative displacement history (Soong and Dargush 1997). 

Based on the energy balance equation, the power flow can be straightforwardly obtained 

by calculating the average power of each energy term considering a specific calculation 

time Tc. The power flow of an MDOF structure is given by 
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 ex ds vs inP P P P    (2.13) 

where 
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P dt
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  T

dF x  (2.14e) 

All power terms in Equation (2.14) are average power in the calculation period Tc, and 

all power terms mentioned in this thesis are average power unless otherwise stated; t0 

denotes an arbitrary time; Pex denotes the input power to the structure because of the 

external dynamic excitation; Pds denotes the inherent damping power of the structure; 

Pvs denotes the rate of change (ROC) of the structural mechanical energy; Evs denotes 

the mechanical energy of the structure, consisting of kinetic energy and the elastic strain 

energy; Pin is the total damping power of EMDEH devices, that is, the total input power 

from the structure to EMDEH devices. 

 

The input power to the structure caused by the external dynamic excitation Pex is 

converted to three parts, namely, Pds, Pvs, and Pin, as shown in Figure 2.2. Assuming that 

the external excitation is stationary, ROC of the structural mechanical energy Pvs tends 

to be zero. As a result, the input power caused by external disturbance is equal to the 

damping power contributed by the inherent damping mechanism and EMDEH devices. 

Thus, 

 ex ds inP P P   (2.15) 

Equation (2.15) implies that the mechanical energy (the sum of the kinetic energy and 

the elastic strain energy) is stable, and all the power input to the primary structure is 

dissipated (or harvested) by the inherent damping mechanism and the EMDEH devices. 
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The above derivation implies that the structure responds in ideally linearly-elastic 

manner, which is acceptable when considering wind loading imposed on structures. 

However, the structural behavior under a major earthquake event is quite different. In 

such a case, although the relationship between the excitation power Pex due to ground 

motion and the total damping power (Pds+Pin) in Equation (2.15) can still be adopted, 

the term of inherent damping power Pds needs to incorporate hysteretic mechanism is 

often associated with the damage of primary structures (e.g., cracking, yielding, plastic 

hinges, etc.). The proposed dual-function EMDEH devices can serve as supplemental 

energy dissipation devices in civil structures and protect them against significant 

earthquake-induced damage by mitigating the energy dissipation via structural 

hysteretic behavior.  

2.3.2 Power Flow in an EMDEH Device 

The energy extracted by the EMDEH devices from structures subjected to external 

excitations is dissipated or harvested in each single device. The power flow within an 

EMDEH device is of interest for a general understanding of EMDEH device behavior. 

In the energy conversion process from the damping energy of an EMDEH device to the 

terminal electrical energy stored in an energy storage element, multiple power losses 

occur when the power flows through the EM damper and energy harvesting circuit. For 

example, the total damping of an EM damper consists of EM damping and parasitic 

damping, the latter of which causes power dissipation. Some power is also consumed by 

the circuit in the energy harvesting process. Thus, only a portion of the total damping 

power can be harvested. The total damping power of EMDEH can be expressed by the 

following: 

 in p em p coil g p coil ehc outP P P P P P P P P P          (2.16) 

where Pp is the dissipative power induced by parasitic damping; Pem is the EM damping 

power converted through EM induction; Pcoil is the dissipative power because of copper 

loss; Pg is the gross output power from the EM dampers; Pehc is the power consumption 

of the energy harvesting circuit; and Pout is the effective output power. These average 

power terms are shown in Figure 2.6 and can be calculated as follows:  

 
0 c
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P C x t dt
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    (2.17a) 
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 ehc g outP P P   (2.17e) 

where Cp is the parasitic damping coefficient of the EM damper; dx  is the 

linear-motion velocity of the EM damper; Tc is the calculation period; Rcoil is the 

resistance of EM damper coils; i0 is the instantaneous current flowing in the damper 

coils, in particular, if a rectifier is used, 0 recti i ; ui is the instantaneous output voltage 

from the EM damper coils; and uc and ic are the instantaneous voltage and charging 

current of the energy storage element, respectively.  

2.4 Energy Harvesting Efficiency 

The energy harvesting efficiency of an EMDEH device is defined in this section to 

quantify the performance of EMDEH devices with respect to energy-harvesting function. 

Such quantification enables the assessment of the design of an EMDEH device 

considering different EM damper parameters and different circuits. The energy 

harvesting efficiency of an EMDEH is defined as follows: 

 out
1 2 3

in

P

P
        (2.18) 

where   is the overall energy harvesting efficiency of the EMDEH device (harvesting 

efficiency); 1 is the electromechanical coupling coefficient that describes the 

conversion efficiency from the mechanical power to electrical power; 2 stands for the 

efficiency of the EM damper, which is affected by the power loss because of the coil 

resistance; 3  is the efficiency of the energy harvesting circuit; and: 

 em
1

in

P

P
   (2.19a) 
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   (2.19c) 

All of the efficiency terms expressed in Equations (2.18) to (2.19) should be less than 

one because of the power loss in each conversion process. In addition, all the efficiency 

terms in this thesis are average efficiency unless otherwise stated, because of average 

power during a calculation period Tc used in the Equation (2.18-2.19).  

 

Minimizing the total power loss in an EMDEH device, p coil ehcP P P  , is necessary to 

enhance the overall energy conversion efficiency. The power loss because of the parasitic 

damping should be minimized to enhance the efficiency 1 ; a small resistance of the coil 

can maximize 2 ; and a high-efficiency circuit design can maximize the ratio 3 . The 

optimization of energy harvesting performance of EMDEH devices aim to maximize 

output power, which claims for the maximum harvesting efficiency max , and the 

maximum input power in,maxP . The harvesting efficiency   is dependent on the 

EMDEH device alone, including the EM damper used and the energy harvesting circuit, 

while the maximum input power need to be optimized by the dynamic analysis of the 

structure–EMDEH system. 

2.5 Efficiency Optimization and Optimal Load Resistance 

Consider the general resistive circuit shown in Figure 2.5. Based on the power equation 

2 2
in p em p d em dP P P C x C x      and 2 2

em coil out coil 0 load 0P P P R i R i    , the 

efficiency  and  is straightforwardly driven as follows: 

 em
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p em

C

C C
 


 (2.20a) 
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coil load

R

R R
 


 (2.20b) 
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According to Equation (2.9) and Equation (2.18), the harvesting efficiency is given by 

 
2
em

1 2 3 2 2
p coil em(1 ) (1 )

K

C R K

   
 

   
  

 (2.20c) 

where α = Rload/Rcoil and 3 1  . The maximum harvesting efficiency occurs when 

d / d 0   , thus: 

 
2
em

opt max
p coil

1   
K

C R
     (2.21) 

Hence, the maximum harvesting efficiency reads as follows: 

 
2
em

max 2 2
p coil opt em opt(1 ) (1 )

optK

C R K




 


  
 (2.22) 

As a result, the optimal load resistance or optimal input resistance of the energy 

harvesting circuit is given by the following: 

 
2
em

opt coil
p coil

1   
K

R R
C R

   (2.23) 

Equation (2.6) implies that the parasitic damping coefficient, Cp, is dependent on the 

vibration frequency and amplitude if the Coulomb friction damping is considered. 

Therefore, the optimal value αopt also depends on the frequency, amplitude, and the values 

of Fc and cm. Thus cwhen    or  0   or   0 :F f d    

 p opt max, 1, 0C       (2.24a) 

cwhen  0  or     or   :F f d    

 2
p m opt em m coil, 1 1C c K c R     (2.24b) 

In the case shown in Equation (2.24a), the EMDEH device would be fully locked thus 

no electrical energy can be harvested. In the case shown in Equation (2.24b), the 

Coulomb friction force of EMDEH device is zero thus the EMDEH device can achieve 

the theoretical upper limit of the harvesting efficiency, which is given by the following: 

 
2
em opt

lim 2 2
m coil opt em opt(1 ) (1 )

K

c R K




 


  
 (2.25) 
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In general, the optimal value, opt , is greater than one (i.e., Ropt>Rcoil), and the maximum 

harvesting efficiency, max , increases with the frequency and amplitude of the 

displacement oscillation.  

 

 

Figure 2.7 Theoretical variation of energy harvesting efficiency of an EMDEH device 

with parameter α 

 

Figure 2.7 illustrates an example of the variations of 1 , 2 , and   with the parameter 

α. The corresponding parameters in this example are as follows: Kem = 7.474 V·s/m, Rcoil 

= 4 Ω, Fc = 0.4994 N, cm = 3.126 N·s/m, f = 6 Hz, d = 11 mm). The electromechanical 

coupling coefficient, 1 , monotonically decreases with the parameter, α, while the 

efficiency of the EM damper, 2 , monotonically increases. The harvesting efficiency, 

 , has a maximum value when α = 1.99, according to Equation (2.21). In short, the 

proposed optimal load resistance (Equation 2.23) is an optimization criterion to achieve 

the maximum harvesting efficiency, which is a guideline for practical energy harvesting 

circuits design. 
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2.6 Energy Harvesting Circuits 

2.6.1 Introduction 

The electrical energy converted by the EM damper can be harvested and stored when an 

energy harvesting circuit is connected to the EM damper (Figure 2.1). A supercapacitor 

or rechargeable battery is usually employed as an energy storage element in energy 

harvesting, but a rechargeable battery is often preferable because of its higher power 

density and lower self-discharge rate (Casciati and Rossi 2007). However, a 

rechargeable battery usually requires stricter charging conditions. Voltage regulation is 

adopted to process the turbulent DC voltages output from the rectifiers. Typically, 

power electronic circuits transform AC power from harvesters to stable DC power 

before charging rechargeable batteries. Single-stage AC-DC, switch-mode power 

converters and two-stage topologies (i.e., rectification plus voltage regulation) are two 

common options. 

 

Considering the minimal inductance of EM dampers and typically low vibration 

frequency of civil structures, the impedance characteristic of an EM damper is nearly 

resistive in the present study. Consequently, the power factor and reactance of the EM 

damper can be ignored. The resistance emulation technique is ready to achieve the 

optimal load resistance (Equation (2.23)) to optimize energy harvesting performance. 

 

An EMDEH device is intended for both vibration damping and energy harvesting. 

When the EM damper is connected to an energy harvesting circuit, the corresponding 

EM damping can be estimated by substituting the input resistance of the energy 

harvesting circuit into Equation (2.9). Therefore, the energy harvesting circuit features 

not only affect harvesting efficiency but also the damping characteristic of an EMDEH 

device. Achieving efficient energy harvesting and optimal damping performance should 

be addressed simultaneously in the design of an energy harvesting circuit. 

2.6.2 Energy Storage Elements 

Supercapacitors refer to a special type of capacitor with a very high capacitance (1 F–



Chapter 2 Principle of EMDEH Devices 

 

46 

 

100F) and a very low withstandable voltage (Casciati and Rossi 2007). The stored electric 

energy in a supercapacitor is as follows (Hambley 2011): 

 2
C C

1

2
E CU  (2.26) 

where C is the capacitance, and UC is the voltage of the supercapacitor. Figure 2.8(a) 

shows that the voltage, UC, rises with the increase in the stored energy. 

 

(a) Supercapacitor                   (b) NiHM rechargeable battery 

Figure 2.8 Typical charge characteristics of a supercapacitor and an NiHM battery 

(SOC: State-of-Charge) 

 

The energy storage can also utilize a rechargeable battery instead of a supercapacitor. 

Examples of rechargeable batteries include Li-ions, NiMH, NiCd, SLA, and Li Polymer 

(Casciati and Rossi 2007). Figure 2.8(b) shows a typical charge curve for NiMH battery, 

in which, Un, stands for the nominal voltage of the NiMH battery. If an empty battery is 

charged, the voltage rises quickly to Un. The maximum voltage of the NiMH battery, if 

fully charged, is about 15% to 20% higher than its nominal voltage. Compared with a 

supercapacitor, the voltage of a rechargeable battery is more stable during the charge 

process. However, rechargeable batteries usually have stringent charge requirements to 

avoid potential overcharge that may damage the batteries, while supercapacitors are able 

to withstand very high charge and discharge rates and require relatively simple charging 

methods. Besides, supercapacitors do not suffer from memory effects like some batteries 

and have virtually very long lives.  

2.6.3 Standard Energy Harvesting Circuit 

Figure 2.9 shows a simple interface circuit to convert the AC power extracted from an 
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EM damper to DC power that charges a supercapacitor, which is known as the standard 

energy harvesting circuit (SEHC) in piezoelectric energy harvesting (Lefeuvre et al. 

2006; Liang and Liao 2009). The SEHC circuit consists of a full-wave bridge rectifier, a 

supercapacitor and a resistor. In this circuit, the electricity produced by the EM damper 

can be stored in the supercapacitor and be further utilized to power some electrical 

devices. The full-wave bridge rectifier composed of four diodes is used to convert AC 

power produced by the EM damper to DC power. The resistor shown in Figure 2.9 stands 

for the power consumption of any electric device. Supercapacitors, like rechargeable 

batteries, are common energy storage elements. This simple topology enables a direct 

energy extraction from the structure via the EM damper, resulting in less power loss in 

the circuit. The circuit efficiency is determined by the diode forward voltage drop, VF. 

However, the variation of the supercapacitor voltage and EM damper open-circuit 

voltage also leads to the change in the EM damping and the harvesting efficiency, which 

is presented in Section 2.7. 

 

 

Figure 2.9 Standard energy harvesting circuit (SEHC) 

2.6.4 Voltage-mode Controlled DC–DC Converters 

DC–DC converters are commonly used for voltage regulation in power electronics. 

Most DC–DC converters effectively work in closed-loop operation to provide a stable 

DC voltage output. A commercially available buck-boost converter with voltage 

feedback control (voltage-mode controlled buck-boost) was adopted in the regenerative 

TMD shaking table tests presented in Chapter 5. Therefore, a short introduction on DC–

DC converters with voltage feedback control is introduced in this section. 
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Figure 2.10. Flow chart of power processing using DC–DC converters. (Lai 2011) 

 

Power electronics is an enabling technology providing the needed interface between an 

electrical source and an electrical load (Mohan 2009). In the application of energy 

harvesting via an EM damper, energy storage in batteries require DC–DC converters to 

regulate voltages and currents from one DC level to another that meets the charging 

condition of rechargeable batteries. DC–DC converter functions are illustrated in Figure 

2.10, in which the DC voltage waveform output from the rectifier is filtered by filter 

capacitors, then further processed by the DC–DC converter to be a stable DC output. 

The stable DC output can be tuned by the DC–DC converter based on the charging 

requirement of rechargeable battery used. 

 

Boost, buck, and buck-boost are the three basic switching DC–DC converters (Figure 

2.11), which functions as stepping up, stepping down, or both stepping up and stepping 

down of the input voltage, respectively. All three converters consist of one active 

(bidirectional) power switch SW (usually a MOSFET), one passive (unidirectional) 

power switch (usually a Diode Df), one inductor L and one capacitor Cout (Tan 2005). 

The voltage conversion ratio of the three converters is controlled directly by the 

turning-off and turning-on of the switch, which is quantified by the duty-cycle ratio (d = 

ton/Tsw, ton: conduction period; Tsw: switching period). 
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(a) Boost 

 

(b) Buck 

 

(a) Buck-boost 

Figure 2.11. Basic DC–DC converter topologies (Hart 1996) 

 

 

(a) CCM           (b) DCM 

Figure 2.12. Inductor current waveforms of DCM operation and CCM operation (Tan 

2005) 

 

All three converters also have two operating modes: continuous conduction mode (CCM) 

and DCM. The operating mode can be identified through the inductor current waveform, 

as shown in Figure 2.12. In CCM operating mode, the inductor current is continuous 

thus always greater than zero (Figure 2.12a). CCM operation requires that the 

inductance is sufficiently large, or the switching period is sufficiently short (Tan 2005). 
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If none of the two conditions is satisfied, the inductor current falls to zero for a period 

of time, which is known as DCM operating mode (Figure 2.12b). The characteristics of 

a converter are significantly different between CCM and DCM operating mode. 

 

The main parameters and relationships of the three basic converters are presented in 

Table 2.1, in which, Lcrit, denotes the critical value of inductance between the CCM and 

DCM operating modes; Uin denotes the input voltage fed into the converters that is 

equal to the rectifier voltage in energy harvesting applications (Uin = Urect); Uout denotes 

the output voltage that is equal to the voltage of the energy storage element in energy 

harvesting applications; fsw is the switching frequency, fsw=1/Tsw; Cout is the capacitance 

of the output capacitor; RL is the equivalent resistive load associated with the output 

power in energy harvesting, RL=Uout/Iout; and Iout is the output current of the converters. 

Table 2.1 is used to design the parameters of basic components in a voltage-mode 

controlled DC-DC converter.  

 

Table 2.1. Summary of the main parameters of basic converters (Hart 1996) 

Converter Uout/Uin, CCM Lcrit ∆Uout/Uout 
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Power electronic converters are operated in a controlled manner in response to 

disturbances in the input voltage and the output load (Mohan 2009). The 

fixed-frequency PWM, which is basically a voltage-controlled rectangle wave generator 

(Meeks 2008), is the most popular controller for DC–DC converter to date. The control 

of DC–DC converters using fixed-frequency PWM controllers usually takes on voltage 

mode control or current mode control (Tan 2005). The voltage mode control, also 

known as voltage feedback control, is a negative feedback control that senses the 

fluctuating output voltage then tunes the duty cycle, d, correspondingly. Figure 2.13(a) 

shows a voltage-mode controlled buck-boost converter with a PWM controller. This 
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control circuit is a feedback network and a PWM that regulates the output voltage of a 

buck-boost converter by adjusting the conduction period, ton, or duty cycle of the power 

switch. The turning-on period, ton, of the switch is controlled by the rectangular driving 

signal that is automatically tuned according to the control voltage waveform, ucon, as 

illustrated in Figure 2.13(b). 

 

  

(a) Voltage mode control     (b) Voltage waveforms of PWM 

Figure 2.13. Voltage-mode controlled buck-boost converter and the voltage waveform 

of PWM (Tan 2005) 

 

The PWM basically consists of an error amplifier, a voltage comparator, and a current 

amplifier as a driver. In this circuit, first, the output voltage Uout is sensed by a simple 

voltage divider (R1, R2), which can capture the dynamics characteristics of the output 

voltage with a scale factor, kFB. Second, the sensing signal, , is compared with a 

low reference voltage, UREF, and passes through the compensation network (controller), 

Zi and Zf , to generate the control signal, ucon, as shown in Figure 2.13(a). Many 

compensation networks can be applied in this feedback loop, for instance, the 

proportional-derivative controller (Type I or Lead compensator), the 

proportional-integral controller (Type II or Lag compensator), and the 

proportional-integral-derivative controller (Type-III compensator, Two Zero-Pole Pairs 

Network) (Mohan et al. 1995; Erickson 1997; Guo et al. 2002; Rahman 2007; Meeks 

2008; Mohan 2009). In addition to the analog circuit (Figure 2.13a), the compensator 

can also be implemented by a digital control system, such as digital signal processors 

and microprocessors (Guo et al. 2002; Guo 2007; Guo et al. 2009). Given that a 

proportional-integral-derivative controller combines the advantages of the 
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proportional-derivative and proportional-integral controllers, it can give a very good 

transient response and good closed-loop stability. 

 

 

Figure 2.14. Small-signal model representation for voltage-mode controlled DC–DC 

converters (Mohan et al. 1995, Mohan 2009) 

 

The PWM voltage mode controller is a fully linear controller, thus the nonlinear model 

of converters is not meaningful for its design (Tan 2005). The nonlinear model of 

converters can be first averaged then linearized utilizing the state-space averaging 

technique (Middlebrook and Cuk 1976; Mohan et al. 1995) around a steady-state DC 

operating point, assuming small-signal perturbations (Tan 2005; Mohan 2009). The 

linearized model of converters allows the theoretical prediction of a converter’s 

frequency response. Consequently, the compensation network (controller) can be 

designed based on linear control theory. Figure 2.14 shows the small-signal model 

representation of the voltage-mode controlled DC–DC converters. The closed-loop 

system stability can be determined using any stability analysis approach in linear 

control theory. Based on the Nyquist stability criteria, the stability of the closed-loop 

system can be examined through the loop gain, GL(s), which is given in the Laplace 

domain (Mohan 2009): 

 L C PWM PS FB( ) ( ) ( ) ( )G s G s G s G s k  (2.27) 

where GPWM(s) is the transfer function of the pulse-width modulator; GPS(s) is the 

small-signal model of the converters; kFB is the feedback gain, usually less than unity; 

and GC(s) is the transfer function of the feedback controller that needs to be determined 

to satisfy the control objectives: suitably fast and stable response. To this end, a 

crossover frequency (usually 1/10–1/4fsw) and a sufficiently large phase margin (> 45°) 
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of the loop gain should be met by tuning the parameters of the controller (compensation 

network) to achieve the desired control objectives.  

 

For closed-loop conditions, it can be shown that the converter input impedance, Zin(s), is 

described by the following equation (Erickson 1997): 

 L

in N L D L

( )1 1 1 1

( ) ( ) 1 ( ) ( ) 1 ( )

G s

Z s Z s G s Z s G s
 

 
 (2.28) 

In this equation, the closed-loop converter input impedance, ZN(s), under the condition 

that the feedback controller of Figure 2.13(a) operates ideally, indicates that the 

controller, ( )d s , changes as necessary to maintain, ( )u s , at zero (Erickson 1997). 

Hence:  

 L
N 2

buck: ( )
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Z s
d
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The open-loop converter input impedance, ZD(s), in CCM is given by Erickson (1997) 

as follows: 
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 (2.30c) 

Equation (2.29) indicates that the converters show negative impedance under ideal 

feedback control conditions, which allows a much larger damping force that may 

benefit the vibration control performance. Equation (2.30) suggests that the open-loop 
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converter input impedance is a function of the duty cycle.  

 

Equation (2.28) illustrates that the practical converter input impedance is affected by the 

loop gain, so the controller design would affect the damping performance. A variation of 

the rectifier voltage would lead to the change in input impedance, thus altering the 

equivalent EM damping coefficient. As a result, the damping characteristic of an 

EMDEH device connected to a voltage-mode controlled DC–DC converter is nonlinear 

and may benefit from the control loop. Likewise, given the voltage feedback loop, the 

output voltage is relatively stable even if the structures are subjected to stochastic loads 

that provide good protection for rechargeable batteries and enable longer battery life. 

However, the varying input impedance results in varying harvesting efficiency, which 

may diverge from the maximum harvesting efficiency. Voltage-mode controlled DC–DC 

converters require an external power supply, and the control loop would also lead to 

more power loss in the circuit. Thus, these limitations of the voltage-mode controlled 

DC–DC converter may constrain its energy-harvesting capacity to some extent. 

2.6.5 Performance Optimization Circuit 

Considering that the damping coefficient of an EMDEH device depends on the input 

resistance of the energy harvesting circuit, as shown in Equation (2.9), an energy 

harvesting circuit with nearly constant input resistance is favorable because EMDEH 

device can maintain a stable damping coefficient close to the optimal value. The 

maximum harvesting efficiency can be maintained in a certain operating range if the 

input impedance is resistive and equals the optimal load resistance. A stand-alone 

simple energy harvesting circuit with low power consumption is also desirable 

considering low output power in vibration-based energy harvesting. Therefore, a DCM 

buck-boost converter with a fixed duty-cycle (Lefeuvre et al. 2007) is employed as the 

performance optimization circuit in this study to optimize both vibration damping and 

energy harvesting. This fixed duty-cycle buck-boost converter is an open-loop converter 

that does not involve sensors, feedback loops, and extra power supply. It also exhibits 

approximate constant input resistance characteristics with a linear relationship between 

its average input voltage and current (Lefeuvre et al. 2007), thereby allowing the 

maintenance of stable damping properties when operating in the DCM. 
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Figure 2.15. Schematic of the performance optimization circuit using a DCM 

buck-boost converter 

 

Figure 2.15 presents the architecture of the energy harvesting circuit, which composes 

of a full-wave bridge rectifier, a DCM buck-boost converter with a fixed duty cycle, and 

a rechargeable battery. The bridge rectifier utilizes Schottky diodes because of its low 

forward voltage drop (typically 0.25 V). An input capacitor, Cin, connected to the bridge 

rectifier smoothens the DC voltage waveform input to the buck-boost converter. 

Another function of the input capacitor is to serve as a power supply for a crystal clock 

generating control signal to drive the power switch SW. The buck-boost converter 

operates in the DCM when (Lefeuvre et al. 2007): 

 rect bat

1 d
U U

d


  (2.31) 

where Urect, Ubat, and d are the rectifier output voltage, voltage of battery, and duty 

cycle, respectively. 

 

Figure 2.16 shows the current and voltage waveforms of the buck-boost converter 

operating in DCM. When the power switch SW is turned on, the following equation 

applies:  

 
0 sw

0
rect M Lon-state
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L t
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     (2.32) 

where t0 denotes an arbitrary time and 〈∙〉 denotes the average current.  
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Figure 2.16. Waveforms of the DCM buck-boost converter 

 

By assuming that the semiconductors are ideal and by ignoring the voltage ripple of 

Urect within a switching period, the inductor current in on-state is given by the 

following: 

 rect
L ( )

U
i t t

L
  (2.33) 

Substituting Equation (2.33) into (2.32): 
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2
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      (2.34) 

Consequently, the average input resistance of a DCM buck-boost converter can be 

estimated as follows (Erickson 1997; Lefeuvre et al. 2007): 

 sw
in,dcm 2

2Lf
R

d
  (2.35) 

where L and fsw are the inductance and switching frequency of the buck-boost converter, 

respectively. Equation (2.35) indicates that the average input resistance of the DCM 

buck-boost is controlled by the duty cycle, d, of the power switch, the inductance, and 

the switching frequency.  

LU

t

swT

swdT sw(1 )d T

rectU

batU

Li

t

ci

t

Mi

t



Chapter 2 Principle of EMDEH Devices 

 

57 

 

Given the prescribed circuit parameters, the DCM operation leads to a constant input 

resistance of the buck-boost converter. However, the buck-boost converter would 

operate in a CCM if Equation (2.31) is violated. Accordingly the average input 

resistance in the CCM is as follows (Lefeuvre et al. 2007):  

 
2

bat
in,ccm

bat

1 Ud
R

d i

      
 (2.36) 

As a result, the buck-boost converter in the CCM operation is unable to sustain a 

desirable constant resistance feature. An increase in the input power to EMDEH leads to 

a decrease in the equivalent resistance of the performance optimization circuit in CCM 

and increase in the EM damping coefficient, Cem.  

2.7 Harmonic Analysis of EMDEH Device with SEHC Circuit 

In this section, the damping characteristics and harvesting efficiency of the EMDEH 

device with the SEHC circuit is analyzed considering the harmonic displacement input, 

which takes the following form: 

 d sin(2 )x d f t  (2.37) 

where xd is the EM damper displacement time history, d is the displacement amplitude, 

and f is the oscillation frequency. 

2.7.1 EM Damping 

The use of a diode is always associated with a constant conduction voltage, VF (0.2 V–0.7 

V), which leads to the power loss in the EMDEH device. This voltage drop should not be 

neglected unless the EMF is considerably greater than VF. Owing to the full-wave 

rectifier, the current in Figure 2.9 is converted to DC. Assume that the instantaneous 

voltage of the supercapacitor is UC, then the current, i0, is non-zero only when |u0| 

produced by the EM damper is greater than the cut-in voltage, F C2V U : 

 

0 F c

0 0 F c coil 0 F c
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0                                       when 2

( 2 )            when 2

( 2 )            when (2 )

u V U
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 (2.38) 

where the equivalent series resistance of the supercapacitor is considered to be small and 
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negligible. From Equations (2.1), (2.2), and (2.38), the EM damping force, fem, is given by 

the following: 

 

d d,cut in

2
em em coil d d,cut in d d,cut in
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 (2.39) 

where d,cut inx  is the cut-in velocity defined by d,cut in F C em(2 ) /x V U K   . Equation (2.39) 

implies that the EM damping force vs. velocity relationship becomes nonlinear. Thus, the 

EM damping is no longer linear viscous damping when connected to the SEHC circuit. 

The total damper force of the EM damper can be approximated as follows: 
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 (2.40) 

Similar to Equation (2.5), when the EM damper is subjected to a harmonic displacement, 

the equivalent viscous damping coefficient for the EM damping can be evaluated by the 

following: 

 2
em em em d0 0

1 1T T
P p dt C x dt

T T
     (2.41) 

where T is the time period of harmonic oscillation of the EM damper moving part, 

T=1/f.  

 

According to Equation (2.41), the EM damping power is given by the following: 
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em em d0
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      (2.42) 

where, Um, is the maximum open-circuit voltage during the harmonic oscillation, Um = 2 

πfd·Kem.  

Hence, the equivalent EM damping coefficient, Cem, takes the following form: 
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where 
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      (2.44) 

With a given harmonic excitation, the EM damping coefficient is a function of UC. 

Notably, the voltage of the supercapacitor, UC, varies over time. Given that the 

supercapacitor has a large capacitance, C, the voltage fluctuation in one cycle is usually 

minimal and can be ignored. However, UC rises during the charge process from 0 V to 

m F2U V if the switch in Figure 2.9 is open. The increase in UC leads to the monotonic 

decrease in the EM damping. For example, when the supercapacitor is uncharged (UC = 

0), the current, i0, the EM damping force, fem, and the EM damping coefficient, Cem, are 

maximum. However, Cem,max is less than the counterpart in a short-circuit dissipation case 

(Equation 2.11) because of the voltage drop induced by the rectifier circuit. i0, fem, and 

Cem are all equal to zero when the supercapacitor reaches the highest voltage Fm 2VU   

(corresponding to 1 ). 

2.7.2 Harvesting Efficiency 

In this case, the power stored in the supercapacitor and consumed by the load is 

considered as the output power. The full-wave bridge rectifier converts the AC to the DC, 

i.e., rect 0i i . The voltage drop of the diodes is associated with the power loss. The 

instantaneous power loss and output power are as follows: 

 loss F 0 F rect2 2p V i V i    (2.45) 

 out C 0 C rectp U i U i     (2.46) 

Under the harmonic displacement history specified in Equation (2.37), the average output 

power in one cycle can be evaluated by integration as follows: 

 2 1F m
loss F 00

coil

41
2 ( 1 cos )

T V U
P V i dt

T R
       (2.47) 

 2 1m F m
out C 00
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2( 2 )1
( 1 cos )

T U V U
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      (2.48) 

where mU and  have been previously defined.  

 

The input power to the EMDEH device is in p emP P P  . With 1  given by Equation 
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(2.20a), the other intermediate energy conversion ratios and the harvesting efficiency can 

be calculated from Equations (2.18), (2.19b), (2.19c) and (2.20a) as follows: 
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 (2.51) 

The maximal energy harvesting efficiency is achieved when 0d d   .  

Figure 2.17 illustrates the theoretical variation of 1 , 2 , 3 , and   with the parameter, 

UC or Γ. The corresponding parameters are consistent with those of the small-scale EM 

damper described and tested in Section 3.1 (Kem = 7.474 V.s/m, Rcoil = 4 Ω, f = 6 Hz, d = 

11 mm, VF = 0.22 V). It can be seen that the overall energy harvesting efficiency,  , has a 

maximum value when Γ= 0.602 (UC = 1.43 V).  

 

 

Figure 2.17 Theoretical variation of the efficiency of an EMDEH device with parameter 

Γ (or UC) 
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The above discussion indicates that Cem and η are all dependent on the supercapacitor 

voltage, UC (or the parameter Γ). Cem,max occurs when UC = 0, while max correspond to 

some specific values of UC. For a specific vibration level of the EM damper, the 

supercapacitor voltage, UC, rises during the charge process from 0 V to a steady value, 

UC,max. On the contrary, for a specific UC value, different vibration levels also result in 

different damping and harvesting efficiency values. Hence, both damping and 

harvesting efficiency are time-varying. 

2.8 EMDEH Device with a Performance Optimization Circuit 

2.8.1 EM Damping 

Considering the resistive impedance characteristic of the DCM buck-boost converter, the 

performance optimization circuit can be equivalent to a resistor circuit, as shown in 

Figure 2.18. The equivalent circuit shares the same power consumption as the original 

circuit as follows:  

 2 2
rect eq rect in rect F2i R i R i V   (2.52) 

where Req denotes the equivalent resistance, Rin denotes the average input resistance, 

and VF denotes the forward voltage drop in diode.  

 

 

Figure 2.18 Equivalent circuit of a performance optimization circuit 
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According to Equation (2.52), the equivalent resistance of the performance optimization  

circuit using DCM buck-boost converter is given by the following: 

 F
eq in eq,diode in

rect

2V
R R R R

i
     (2.53) 

where recti  is the average current pass through the rectifier. If the open-circuit voltage 

≫ , or rectifier average current is large enough, Equation (2.53) can be simplified 

as follows: 

 eq inR R  (2.54) 

As a result, the EM damping coefficient of an EMDEH device connected to the 

performance optimization circuit takes the following form: 

 
2
em

em
coil eq

K
C

R R



 (2.55) 

 

Equation (2.53) indicates that the existing diode forward voltage drop (VF) induces a 

large equivalent resistance if the average rectifier current is small. However, with 

increasing the rectifier current, the Req would be close to Rin. Considering the typical 

high power level or high rectifier current in practical applications of EMDEH devices in 

full-scale structures, such as bridge stay cables or high-rise buildings, substituting Req = 

Rin in Equation (2.55) can approximate the EM damping without considering the 

forward voltage drop effect. Substituting Equations (2.36) and (2.53) into Equation 

(2.55) can also predict the EM damping coefficient for a buck-boost converter operating 

in CCM. 

 

The equivalent parasitic damping coefficient and the total damping coefficient are 

obtained by Equations (2.6) and (2.10), respectively. As a result, the damping 

characteristic of the EMDEH device with the performance optimization circuit is close 

to a viscous fluid damper, which enables the EMDEH device to achieve a damping 

performance comparable to optimal passive vibration control offered by viscous fluid 

dampers. 
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2.8.2 Harvesting Efficiency 

According to Equation (2.18), the harvesting efficiency of an EMDEH device is the 

product of three intermediate efficiencies: η1, η2, and η3. The performance optimization 

circuit (DCM buck-boost converter) efficiency, η3, can significantly affect the 

harvesting efficiency. The performance optimization circuit efficiency can be estimated 

by the following (D'hulst et al. 2010): 

 out
3 poc

out rect mod diodeL

P

P P P P P
  

   
 (2.56) 

where each power term is given by the following: 

 
0 c

0
out bat c

c

1 t T

t
P U i dt

T


   (2.57a) 

 
0 c

0
rect F rect F rect_avg

c

1
2 2

t T

t
P V i dt V i

T


     (2.57b) 

 2
mod on drv M_rms on gs g swP P P i R U Q f     (2.57c) 

 
0 c

0

2 2
esrL L_rms esrL

c

1 t T

L Lt
P i R dt i R

T


   (2.57d) 

 
0 c

0
diode c F c_avg F

c

1 t T

t
P i V dt i V

T


   (2.57e) 

in which each item is labeled in Figure 2.15. The subscripts avg and rms denote the 

average and RMS values of the corresponding variable in a calculation period, Tc. Pout, 

Prect, Pmod, Pon, Pdrv, PL, and Pdiode denote the output power, the bridge rectifier loss, the 

MOSFET loss, the MOSFET conduction loss, the MOSFET gate-drive loss, the 

inductor loss, and the diode loss, respectively. In the MOSFET loss calculation, the 

MOSFET switching loss is neglected due to the DCM operation (D'hulst et al. 2010). 

Ron denotes the on-resistance of the switch. Ugs and Qg are the gate-source voltages at 

the on-state and the gate-charge, respectively. ResrL denotes the equivalent series 

resistance (ESR) of the inductor.  

 

The Equation (2.56) and (2.57) provide the analytic calculation expression of circuit 

efficiency for the performance optimization circuit, while Equation (2.17c) (2.17d) and 
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(2.19c) can also be adopted to calculate the circuit efficiency in experimental study. A 

fixed duty cycle buck-boost converter can offer constant resistive impedance when 

operating in DCM. Consequently, the circuit (Figure 2.15) can emulate a resistor, whose 

value is given by the average input resistance (Rin, Equation 2.35), while ignoring the 

diode forward voltage drop effect. Accordingly, the harvesting efficiency, η, of the 

EMDEH device with the performance optimization circuit is as follows: 

 
2
em

1 2 3 3 poc2 2
p coil em(1 ) (1 )R

K

C R K

      
 

      
  

 (2.58) 

where R  is the harvesting efficiency for the pure resistive load cases (α = Rin/Rcoil).  

 

Based on Equation (2.58), the maximum harvesting efficiency can be achieved when 

Rin=Ropt (α =αopt), assuming the circuit efficiency is approximately constant in its 

optimal range. In addition, the circuit efficiency expressed in Equations (2.56) and (2.57) 

offers a perspective to select the power electronic components. The design consideration 

of the performance optimization circuit to achieve higher efficiency is described as 

follows: 

1. Switching Frequency 

The switching frequency of DC–DC converters typically ranges from 10 kHz to 1 

MHz. The benefits of increasing the switching frequencies include: a). the reduced 

physical size of the filter component values, L and Cout; and b). a better feedback control 

performance for the closed-loop converters (Mohan 2009). However, the DCM 

buck-boost converter is an open-loop circuit with a fixed duty cycle, so these factors can 

be ignored. The negative consequence of a high switching frequency is the increased 

switching losses in the MOSFET, as indicated in Equation (2.57c). Consequently, a 

lower switching frequency, fsw, is preferred in the DCM buck-boost design for the 

dual-function EMDEH device.  

2. Selection of MOSFET and diodes 

According to Equation (2.57c), the MOSFET with a lower on-resistance, Ron, should 

be considered in the DCM buck-boost design. Given that the on-resistance, Ron, can be 

up to several ohms in low power operation in practical applications, the Ron dominates 

the power loss in the buck-boost converter. According to Equations (2.57b) and (2.57e), 

the forward voltage drop, VF, typically ranges from 0.2 V to 0.7 V, which also causes 
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power loss in low power operation. As a result, the Schottky diode (VF = 0.2 V–0.25 V) 

is preferred in the design. Sufficient safety margins, which depend on the application, 

suggest that the device ratings should be greater than the worst-case stresses by a certain 

factor (Mohan 2009). 

3. Inductors 

For the open-loop DCM buck-boost converter, the inductance, L, is selected 

according to Equation (2.35) for a given switching frequency and duty cycle to achieve 

a target input resistance. If the switching frequency and duty cycle are selectable, 

increasing L decreases the peak and RMS values (which also decreases the MOSFET 

and diode current stresses), but has the negative consequence of increasing the overall 

inductor size (Mohan 2009). An inductor with a low ESR is also desired to decrease 

inductor loss according to Equation (2.57d).  

2.9 Summary 

This chapter presented some fundamental issues related to the configuration, power flow, 

efficiency, analysis, and design of EMDEH devices. The power flow was presented and 

discussed for structures assuming linear and stationary vibration. A linear-to-rotational 

motion conversion configuration to enhance the damping density of EM dampers, as 

well as the fundamental open-circuit voltage–velocity relationship, and damper force–

current relationship has been introduced. The damping characteristics of EM dampers 

are described by considering the parasitic Coulomb damping, parasitic viscous damping, 

and EM damping considering resistive load. EM dampers are close to viscous fluid 

dampers conditioned on resistive impedance. The optimal load resistance to achieve the 

maximum harvesting efficiency considering the parasitic damping was derived, which 

guides the optimal design of an energy harvesting circuit.  

 

The presentation stressed the effects of the circuit on the damping and 

energy-harvesting performance of EMDEH device. The SEHC, voltage-mode controlled 

DC–DC converters, and performance optimization circuit are adopted in this study for 

energy harvesting circuits. Analysis of the EMDEH device with respect to damping 

characteristics and harvesting efficiency was conducted for each circuit. The analytical 

findings show that the performance of an EMDEH device depends largely on the input 
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impedance (defined by urect-irect relationship) characteristics of the circuit. The 

closed-form solutions reveal that both the damping and harvesting efficiency of an 

EMDEH device with SEHC depends on the open-circuit and supercapacitor voltages. In 

the harvesting process, both open-circuit and supercapacitor voltages may change over 

time. Thus, the damping and harvesting efficiency are time-varying, which 

compromises vibration mitigation and energy harvesting. A voltage-mode controlled 

DC–DC converter can adaptively tune the duty cycle responding to the fluctuation of 

the input voltage or sudden change in electric load. The damping performance of an 

EMDEH device with such converters may benefit from the feedback loop. However, 

given the complicated and varying input impedance, the voltage-mode controlled DC–

DC converters cannot maintain the optimal harvesting efficiency, either.   

 

The performance optimization circuit using a DCM buck-boost converter with a fixed 

duty cycle can emulate a constant resistor without any sensor and feedback loop. It 

possesses a constant average input resistance characteristic for a wide voltage range, 

which matches the input resistance of the converter and the optimal load resistance for 

maximum harvesting efficiency. The resistive impedance feature of a performance 

optimization circuit also allows the optimal damping setting with a suitable average 

input resistance value. As a result, the performance optimization circuit may be the 

optimal option for passive vibration control and energy harvesting simultaneously 

among the three types of circuits. 
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Chapter 3 Test of EMDEH Devices 

 

 

 

This chapter presents a series of tests on EMDEH devices connected to different types 

of energy harvesting circuits. A small-scale EM damper connected to constant resistors 

and SEHC was tested on an MTS universal testing machine to verify the model 

presented in Chapter 2. In addition, another small-scale EM damper connected to the 

prototype performance optimization circuit was tested in a scaled stay cable testbed. A 

short discussion focused on the test results is presented. 

3.1 Cyclic Test of EMDEH Devices 

3.1.1 Test Setup 

A non-commutated DC linear servo motor was cyclically tested as a small-scale EM 

damper on an MTS universal testing machine. Figure 3.1(a) shows the EM damper during 

the test, in which the small-scale EM damper was purchased from Baldor Motion 

Products. The damper has a diameter of 38.1 mm and a total length of 108.1 mm. The 

number of turns per coil and the wire diameter were estimated to be 270 and 24AWG, 

respectively, whereas the lengths of each coil and the magnet were 38 and 25 mm, 

respectively (Palomera–Arias 2005). The measured coil resistance was 4.0Ω. During 

testing, a series of constant resistors and the SEHC circuit were connected to the EM 

damper individually. A series of sinusoidal displacements were applied at different 

frequencies (0.1 Hz to 8 Hz) and different amplitudes (3, 6, and 11 mm). The responses of 

interest were measured by a KYOWA EDX-100A data acquisition system with a 

sampling frequency of 500 Hz, including the force, displacement, voltages, and currents. 

Figure 3.1(b) shows the circuit on a breadboard corresponding to the SEHC case. A 

full-wave bridge rectifier comprising four Schottky diodes was used because such diodes 

are associated with a significantly smaller forward voltage drop (Casciati and Rossi 2007). 

The measured VF of the Schottky diodes was equal to 0.22V in this experiment. The test 
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Figure 3.3 shows the experimental relationship between damper force and velocity at the 

frequency of 2 Hz and displacement amplitude of 11 mm. As mentioned in Section 

2.2.4.1, parasitic damping is modeled by the superposition of two components, namely, 

viscous damping and Coulomb damping. The latter is evidenced by the non-zero damper 

force at zero velocity in Figure 3.3. Figure 3.4 shows the testing results of the average 

power of parasitic damping in one cycle pP  for different frequencies and amplitudes. 

Subsequently, the two constants in Equation (2.4) are evaluated (Fc=0.4994 N, cm=3.126 

N·s/m) by a regression analysis using the testing data shown in Figure 3.4. The prediction 

by the simplified modeling presented in Section 2.2.4.1 matches the experimental results 

very well.  

 

Figure 3.3 Damper force vs. velocity relationship in an open-circuit case 

(f = 2 Hz, d = 11 mm) 

 

Figure 3.4 Parasitic damping powers in an open-circuit case 

[Line: Equation (2.4); Dots: Test] 
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3.1.3 Results of Constant Resistor Case 

In the constant resistor case, the EM damper was connected to a resistor that represented 

a general electric load during the test. The measured coil resistance Rcoil was equal to 4.0 

Ω. Nine different resistors, namely, 0, 1.0, 2.0, 3.0, 3.75, 5.0, 7.5, 15.0, and 45.0Ω, were 

tested at different frequencies and amplitudes. In fact, the open-circuit case can be 

viewed as a special case with Rload=∞. The current flowing in the circuit produced the EM 

damping force applied to the damper. Therefore, the damper force is a result of the 

parasitic damping force and the EM damping force. Figure 3.5 shows the experimental 

results of the damper’s force–displacement relationship at a frequency of 6 Hz and 

amplitude of 6 mm. Parasitic damping is independent of the current in the circuit. Thus, 

Figure 3.5 implies that the EM damping was governed by varying load resistance in this 

case. Figure 3.6 illustrates the variation of the EM damping coefficient Cem with 

increasing Rload for both the testing and modeling results. The test data were computed by 

subtracting the parasitic damping coefficients Cp from the total damping coefficients Cd, 

both obtained from regression analyses of the experimental force–velocity relation. A 

good match is noted between the experimental results and the theoretical prediction by 

Equation (2.9). Both the testing and modeling results demonstrate that the EM damping 

coefficient Cem decreases monotonically with increasing load resistance Rload, and the 

maximum value corresponds to a short circuit (Rload=0Ω). Moreover, Figures 3.5 and 3.6 

imply that the damping feature of the EM damper can be conveniently controlled by 

tuning the value of Rload. 

 

Figure 3.5 Effect of Rload on force-displacement behavior (f = 6 Hz, d = 6 mm) 
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Figure 3.6 Relationship of the EM damping coefficient Cem vs. load resistance Rload 

 

Based on Equation (2.17d), the average output power, that is, the power consumption of 

Rload, is calculated by the measured current and voltage on the electric load, and the 

average input power is calculated from the measured force and displacement. 

Subsequently, harvesting efficiency η can be calculated according to Equation (2.18). 

Figure 3.7 shows the harvesting efficiency η. The theoretical predictions by Equations 

(2.20c) match the experimental results fairly well in the two figures. The peak harvesting 

efficiency ranges from 14.4% to 33.1%, depending on the frequency and amplitude. 

 

Table 3.1 presents a detailed comparison of the testing and modeling results as regards the 

maximum output power and the maximum harvesting efficiency. Notably, the optimal 

load resistance (impedance-matching, i.e. Rload=Rcoil or α=1) for maximum output power 

does not correspond to that for the optimal load resistance (Rload>Rcoil or α>1) for the 

maximum harvesting efficiency under the constant sinusoidal displacement input 

defined in Equation (2.37). However, the conventional impedance-matching for 

maximum output power is conditioned on a given voltage input, such as, a constant 

sinusoidal velocity input according to Equation (2.1). Constant sinusoidal velocity input 

(or a constant sinusoidal displacement input) to the EM damper may not occur in a 

structure-EMDEH system subjected to external stochastic forces or even harmonic 

forces with altering the load resistance because of different damping levels. As a result, 

the conventional impedance-matching cannot be adopted to maximize the output power 

for the structure-EMDEH system. The output power of the EMDEH device should be 
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discussed based on the dynamic analysis of the structure-EMDEH coupled system, 

which is presented in Chapter 4.  

 

 

(a) f=2Hz                       (b) f=6Hz 

Figure 3.7 Harvesting efficiency vs. α in constant resistor case 

[Line: Modeling by Equation (2.20a); Dots: Testing] 

 

Table 3.1 Output power and optimal harvesting efficiency in the constant resistor case 

f 
(Hz) 

d 
(mm) 

Testing Modeling 

out,maxP  (mW) max (%) out,maxP  (mW) max (%)

2 3 2.5 14.4 2.5 13.2 
 6 9.8 20.8 9.9 19.5 
 11 30.2 25.9 33.4 25.2 

6 3 24.9 23.2 22.3 23.4 
 6 97.7 29.9 89.3 29.4 
 11 274.3 33.1 300.2 33.3 

3.1.4 Results of SEHC Case 

In this case, a simple energy harvesting circuit consisting of a Schottky rectifier and a 

supercapacitor was tested, as shown in Figure 3.1(b). The supercapacitor (manufacturer: 

Nichicon, model number: JUC0E475MHD) has a capacitance value of 4.7 F and an 

equivalent series resistance of 0.5 Ω. Five different resistors, Rload=1, 2, 4, 15, and 30 Ω, 

were used to simulate the power consumption of electric devices. The output power is 

defined as the power stored in the supercapacitor plus the power consumption of the 

resistor. Figure 3.8 shows the experimental time histories of the supercapacitor voltage 

UC, the EM damping Cem, the output power outP , and the harvesting efficiency η 

corresponding to f=6 Hz and d=11 mm. In Figure 3.8, Curve I shows the testing results 
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with an open switch (no electric load), whereas Curve II is for Rload=15Ω. The voltage of 

the supercapacitor generally rises during the charging process until it reaches a steady 

value. However, the final steady voltage not only depends on the peak EMF Um, but also 

on the load resistance Rload, as observed in Figure 3.8. A smaller resistance stands for 

larger power consumption in the test; as such it corresponds to a slower charging process 

and a smaller steady voltage. An increase in supercapacitor voltage UC results in 

variations of the three parameters, namely, Cem, Pout , and η, during the charging process. 

If the switch is open, the current passing the supercapacitor becomes minimal when UC 

reaches the final steady value. Consequently, the EM damping coefficient, output power, 

and harvesting efficiency are nearly zero in the steady state. If Rload=15Ω, the current 

passes the resistor even in the steady state, and consequently the corresponding EM 

damping coefficient, output power, and harvesting efficiency are not equal to zero. 

 

Figure 3.8 Time histories of supercapacitor voltage UC, EM damping Cem, output power 

outP , and harvesting efficiency η in the SEHC case (f = 6 Hz, d = 11 mm, Curve I: 

Switch open, Curve II: Rload=15Ω) 

 

As shown in Figures 3.8(d), 3.9, and 3.10, EM damping continuously decreased during 

the charging process although Rload was constant. The maximum damping coefficient 

Cem,max occurred at UC=0V, where Cem is calculated by Equation (2.43). Figure 3.9 

illustrates the experimental relationships of the damper force vs. the oscillation velocity, 

and the test results are consistent with the prediction by Equation (2.40). On one hand, the 
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force-velocity relationship is nonlinear because of the cut-in velocity/voltage, and is 

time-variant because of the change of UC. On the other hand, the variations of the 

harvesting efficiency η with the supercapacitor voltage UC are not monotonic, as shown 

in Figure 3.11. We can observe that the theoretical curves in the aforementioned figure are 

independent of load resistance Rload. However, Rload affects the final achievable peak of 

UC. The maximum harvesting efficiency %23max   corresponds to UC=1.45V (Γ=0.61) 

according to Equation (2.51). The maximum harvesting efficiency is smaller than its 

counterparts in the constant resistor case because of power loss in the diodes and the duty 

cycle that is less than 1. Figures 3.10 to 3.11 also demonstrate that the final steady voltage 

of the supercapacitor for Rload=15Ω is smaller than that for the open switch. Again, the 

theoretical modeling closely matches the experimental results in Figures 3.9 to 3.11. 

 

 

(a) Switch open         (b) Rload=15 Ω 

Figure 3.9 Damper force vs. velocity in the SEHC case (f = 6 Hz, d = 11 mm) 

 

(a) Switch open        (b) Rload=15Ω 

Figure 3.10 EM Damping coefficients in the charging process in the SEHC case (f = 6 

Hz, d = 11 mm) 

−0.5 0 0.5
−8

−6

−4

−2

0

2

4

6

8

Velocity (m/s)

D
am

pe
r 

fo
rc

e 
(N

)

 

 
Modeling,Equation (2.40)
Testing

−0.5 0 0.5
−8

−6

−4

−2

0

2

4

6

8

Velocity (m/s)

D
am

pe
r 

fo
rc

e 
(N

)

 

 
Modeling,Equation (2.40)
Testing

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9



0 0.5 1 1.5 2 2.5 3
0

3

6

9

12

U
c (V)

C
em

 (
N
s

/m
)

 

 

Modeling,Equation (2.43)

Testing

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9



0 0.5 1 1.5 2 2.5 3
0

3

6

9

12

U
c (V)

C
em

 (
N
s

/m
)

 

 

Modeling,Equation (2.43)

Testing

Cycle=11 
Uc=0.27 V 

Cycle=100 
Uc=1.06V 

Cycle=11 
Uc=0.26V 

Cycle=200 
Uc=1.23 V 



Chapter 3 Test of EMDEH Devices 

 

75 

 

 

(a) Switch open        (b) Rload=15Ω 

Figure 3.11 Harvesting efficiency η in the charging process in the SEHC case (f =6 Hz, d 

=11 mm) 

3.2 Test of the EMDEH Device with Performance 

Optimization Circuit 

3.2.1 Design and Fabrication 

A performance optimization circuit using a DCM buck-boost converter was designed 

and fabricated for device test in this section, and its experimental application to a scaled 

stay cable is presented in Chapter 6. Figure 3.12 shows the experimental circuit diagram 

of the performance optimization circuit using a DCM buck-boost converter. In this 

circuit, a low-power clock oscillator IC (OV-1564-C2, Micro Crystal, Switzerland) with 

a typical supply voltage in the 1.2 V to 5.5 V range was used to generate a 

fixed-frequency (fsw=32.768 kHz) rectangular driving signal for the MOSFET. The duty 

cycle d of the clock oscillator IC ranged from 0.4 to 0.6 (typically, 0.5). The clock 

oscillator IC was powered by EM damper output electric energy via pin 1 (Figure 3.12). 

This self-powered feature made the EMDEH device a more feasible standalone system. 

The MOSFET was directly driven and controlled by the fixed frequency rectangular 

driving signal output from pin 5 through a 1 kΩ resistor R1. A FDV303N MOSFET 

(Fairchild) was used for its very low threshold gate voltage (typical VGS=0.8 V) and low 

static drain-source on-resistance (Ron=0.33 Ω conditioned on VGS=4.5 V and on-state 

drain current ID=0.5 A). Two parallel electrolytic capacitors (C1=680 uF; C2=47 uF)  
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3.2.3 Efficiency and Input Resistance of Circuit 

 

Figure 3.16 Voltage of rectifier output port of the performance optimization circuit 

 

This section presents the test results of the performance optimization circuit with 

respect to input resistance and efficiency. In this test, a total of five DC voltage levels 

were used as input to the performance optimization circuit, as shown in Figure 3.16.  

 

Figure 3.17 shows the waveforms of the IC output signal and the MOSFET driving 

signal. Ringing was observed when the MOSFET shut down from the driving signal 

waveforms. The ringing was induced by resonant circuit 1, consisting of lead inductance 

Ld, equivalent capacitance Cgd , gate inductance Lg, gate internal resistance Rg-int and 

external on-board coupling capacitance Cgd-ext [Figure 3.18]. However, the ringing 

amplitude was less than the threshold gate voltage VGS (0.8 V), and so it may not 

influence the duty cycle d. The other ringing was from resonant circuit 2, consisting of a 

source inductance Ls, equivalent capacitance Cgs and gate inductance Lg, which was well 

damped by the driving resistor R1 (Figure 3.18). Moreover, the duty cycle varied from 

0.474 to 0.5 with different rectifier voltage levels, as shown in Figure 3.17. 

Consequently, the duty cycle of the performance optimization circuit can be regarded as 

a relatively stable value (around 0.5) with varying rectifier voltage input. 
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Figure 3.19 Voltage–current characteristics of the rectifier output port 

 

Figure 3.19 shows the voltage–current relationship (urect-irect) of the rectifier output port 

(i.e. DCM buck-boost converter input port). The rectifier output current irect linearly 

rises with an increasing rectifier output voltage urect when the rectifier voltage is larger 

than 1.3V, while a linear relationship with a smaller slope was observed when the 

rectifier voltage is smaller than 1.3V, as shown in Figure 3.19. The linear urect-irect 

relationship implies the input impedance characteristic of the DCM buck-boost 

converter was nearly resistive, although the voltage-current curve does not pass through 

the origin. Thus, Figure 3.19 provides evidence that the performance optimization 

circuit can emulate a constant resistor approximately. The average input resistance was 

estimated to be approximately 18.4 Ω. This is close to the theoretical prediction (17.8 Ω) 

given by Equation (2.35) with duty cycle d=0.5.  

 

Figure 3.20 shows the efficiency varies with the rectifier current and rectifier output 

power. The DCM buck-boost converter efficiency increases rapidly from 18% to 68% 

when irect is in the range of 38 mA to 75 mA, respectively. The value then becomes 

approximately constant (71%). A similar relationship can be found in the efficiency–

power curve presented in Figure 3.20(b). The variation may be attributed to the change 

law of on-resistance Ron of the MOSFET (Equation (2.57c)). The on-resistance Ron in a 

DCM buck-boost converter may be up to several ohms high during low-power 

operation (<100 mW), but is closer to the typical value (0.33 Ω) during high-power 

operation (>100 mW). Therefore, a low on-resistance feature of the MOSFET is quite 
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important in performance optimization circuit design.  

 

 

(b) Efficiency–Current       (b) Efficiency–Power 

Figure 3.20 Measured efficiency-current and efficiency-power curve of DCM 

buck-boost converter in performance optimization circuit 

3.2.4 Damping Characteristics 

Harmonic and random vibration tests on the scale stay cable with an EMDEH device 

(Kem=38.0 V·s/m or N/A; Rcoil=9.3 Ω) connected to a performance optimization circuit 

were conducted to calibrate the damping characteristics. Based on the measured 

displacement data, acceleration data, and damper force data, the displacement–force and 

velocity–force relationships can be obtained. Owing to the inertial effect of the moving 

mass of the EM damper, the true damping force is obtained by subtracting the inertial 

term.  

 

Figure 3.21 shows the displacement–force relationship of the EMDEH device with a 

performance optimization circuit, which is obtained from a test of EMDEH device 

subjected to a sine sweep excitation ranging from 11.9 Hz to 12.3 Hz (sweep rate 

0.05Hz/s). The displacement–force loop is approximately close to that of a linear 

viscous damper. Figure 3.22 exhibits a sample velocity–force plot obtained from the 

data collected. The damping force, which consists of parasitic damping force and EM 

damping force, rises linearly with an increasing damper velocity. The total damping 

coefficient identified from the test results is 69.4 N·s/m, consisting of the EM damping 

coefficient Cem (33.5 N·s/m) and the parasitic damping coefficient Cp (30.9 N·s/m). The 

parasitic damping coefficient was identified in an open-circuit case. According to 
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Equation (2.53), the equivalent resistance is 27.2 Ω ( rect 0.05i A , Rin=18.4 Ω, 

Req,diode=8.8 Ω), such that the theoretical EM damping coefficient is 39.6 N·s/m 

[Equation (2.55)]. The discrepancies between the predicted and experimental EM 

damping coefficients can be partly attributed to the inaccuracies in the data acquisition 

systems and the measurement noise. 

 

 

Figure 3.21 Measured displacement-force plot of the EMDEH device with a 

performance optimization circuit (Sine sweep excitation, 11.9 Hz to 12.3 Hz) 

 

 

Figure 3.22 Measured velocity-force plot of the EMDEH device with a performance 

optimization circuit subjected to sine sweep excitation (11.9 Hz to 12.3Hz) 
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Figure 3.23 Measured velocity-force plot of the EMDEH device with a performance 

optimization circuit under random vibration (0 Hz to 25Hz) 

 

Figure 3.23 shows a sample velocity–force plot obtained from the data collected in the 

random vibration test. The damping force rises almost linearly with increasing damper 

velocity. In this case, the measured total damping coefficient Cd is 69.6 N·s/m. When 

subtracting the parasitic damping coefficient Cp (32.4N·s/m), the measured Cem is 37.2 

N·s/m, which is close to the predicted value of 35.7 N·s/m ( rect 0.04i A , Rin=18.4 Ω, 

Req,diode=12.8 Ω, Req=31.2 Ω). The experimental results validate the modeling of 

EMDEH device with performance optimization circuit. Both theoretical and 

experimental results validate the damping characteristics of the EM damper connected 

to a performance optimization circuit is similar to that of linear viscous dampers. 

Because of the linear damping characteristics, the EMDEH device with a performance 

optimization circuit can maintain a stable optimal damping setting for passive vibration 

control. This feature is desirable in the dual-function EMDEH device design for a 

regenerative TMD or bridge stay cables vibration mitigation. The equations presented in 

Section 2.8.1 can be used to optimize the design of performance optimization circuit for 

optimal damping setting.  

3.3 Summary 

Two experiments with an EMDEH device connected to three types of circuits, namely, a 

constant resistor, an SEHC circuit and a performance optimization circuit, were 
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performed to examine the modeling of EMDEH devices presented in Chapter 2.  

 

In the cyclic test, the EM damper was driven directly by the MTS machine with 

harmonic displacement input. The parasitic damping, EM damping, and harvesting 

efficiency of the EMDEH device were measured considering constant resistor and the 

SEHC circuit. Simple linear relationships exist between open-circuit voltage and 

velocity as well as between current and EM damping force. The EM damping is similar to 

viscous fluid damping when the damper is connected to a constant resistor. The 

relationship of EM damping force vs. velocity becomes nonlinear when the damper is 

connected to a SEHC circuit. In the case, both the damping coefficient and the harvesting 

efficiency vary significantly with increasing voltage during the charging process. Strong 

non-linear and time-varying EM damping and harvesting efficiency of the EMDEH 

device when connected to the SEHC circuit were observed in the cyclic test.  

 

In the second experiment, the performance optimization circuit, consisting of a 

full-wave bridge rectifier and a DCM buck-boost converter, was tested alone with a DC 

power supply input. The average input resistance and efficiency of the DCM buck-boost 

converter were measured using DC power supply input. In addition, the damping 

characteristics of the EMDEH device with the performance optimization circuit were 

measured in a scaled stay cable testbed. The results obtained from this experiment 

verified that the damping behavior of an EMDEH device connected to a performance 

optimization circuit is similar to that of viscous fluid dampers (linear viscous damper), 

such that the dual-function EMDEH device can replace traditional viscous fluid dampers 

in the vibration mitigation of structures.  

 

Good agreement was found between the predicted data and test data in both the cyclic 

test and in the scaled stay cable testbed experiment, which validated the mathematical 

modeling presented in Chapter 2. Both the theoretical and experimental results indicated 

that the EM damping and energy-harvesting features were considerably influenced by the 

external circuit connected to the damper.
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Chapter 4 Analysis of Structure-EMDEH 
Systems 

 
 
 
A rational design for a dual-function EMDEH device should address a dual-objective 

optimization problem by considering both vibration-control and energy-harvesting 

performance. In this chapter, the analysis of structure-EMDEH systems is performed 

considering stochastic forces acting on civil structures. The closed-form solutions of the 

damping power, as well as the output power of the EMDEH devices when attached to 

SDOF or MDOF, are given by the analysis. The optimal damping coefficient for passive 

vibration control and for energy-harvesting is discussed based on the analytical 

solutions. Two numerical examples, representing infinite and limited values of optimal 

damping are simulated to verify the analytical solutions. Furthermore, the issue on the 

consistency and contradiction between vibration control and energy-harvesting is 

discussed based on the analytical and numerical results. Finally, a simple design strategy 

for the EMDEH devices is presented, where the resistance emulation technique using 

the performance optimization circuit can achieve the optimal damping and 

energy-harvesting performance simultaneously.  

4.1 Simplification and Assumption 

As presented in Chapter 2, as far as a standalone EMDEH device is concerned, its 

harvesting efficiency optimization can be achieved using the performance optimization 

circuit. However, to address the output power optimization of EMDEH devices installed 

in a structure, the analysis of a coupled structure-EMDEH system is required. Such 

analysis differs from the output power optimization of energy harvesters in which the 

harvesters’ reaction to primary structures is negligible such that the problem is 

essentially uncoupled. In this analysis, the performance optimization circuit (described 

in Section 2.6.5) is adopted as the energy harvesting circuit attached to the EM device. 

The DCM buck-boost converter in a performance optimization circuit can emulate a 
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resistance within a wide voltage range, which enables it to behave like a resistor. Under 

these conditions, an EMDEH device can be modeled as a linear viscous damper. 

Consequently, the analysis of the coupled structure-EMDEH systems is simplified as 

structural dynamic analysis. In this way, output power is optimized with respect to the 

damping of the EMDEH devices. In addition, forces acting on the civil structures such 

as wind loads, traffic loads, and ocean wave loads are characterized as random 

excitations. For simplicity, the random force is assumed to be ideal white noise or 

band-limited white noise. Another assumption is that the structures installed with the 

EMDEH device(s) respond in a linearly elastic manner. In addition, the inherent 

damping of MDOF structures is modeled by proportional damping matrix (also known 

as classical damping matrix) in the presented formulation, and the damping contribution 

of the EMDEH devices is represented by modal damping ratios. The resulting damping 

matrix, including inherent damping and the damping of EMDEH devices, is 

proportional. Consequently, the equations of motion of the structure-EMDEH system 

can be solved using the normal mode approach (Yang 1986), also known as modal 

superposition method. The output power analysis and optimization can be performed 

using random vibration theory, which is presented in the subsequent sections. 

4.2 SDOF Structure-EMDEH System 

 

Figure 4.1 SDOF structure-EMDEH system 

 

To assess the optimal damping for vibration control and energy harvesting, an SDOF 

structure is first analyzed. An SDOF structure subjected to an external force is shown in 

Figure 4.1, and its equation of motion is given by 

 ( )mx cx kx f t     (4.1) 
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where m, c, and k denote the mass, damping coefficient, and stiffness of the structure, 

respectively; x is the displacement response of the structure relative to the ground; and 

f(t) is the external force. The damping coefficient of the SDOF structure is contributed 

by the two terms: 

 s dc C C   (4.2) 

where Cs and Cd are the structural inherent damping coefficient and the total damping 

coefficient of the EMDEH device, respectively.  

 

Equation (4.1) can be rewritten as 

 2
n n2 ( )x x x g t      (4.3) 

where 

 n ,
2

k c

m km
    (4.4a) 

 
( )

( )
f t

g t
m

  (4.4b) 

where ωn, ζ, and g(t) are the natural frequency, damping ratio, and the generalized force, 

respectively. Performing the Fourier transforms of the different terms on each side of 

Equation (4.3) offers the displacement complex frequency response function (FRF) of 

the SDOF structure  

 2 2
n n

( ) 1
( )

( ) 2

X j
H j

G j j


    

 
 

 (4.5a) 

where 1j   ,  is the frequency of external force,  and  are the 

Fourier transforms of displacement response and generalized force, respectively. 

Similarly, the velocity and acceleration FRF of the SDOF structure are then given by 

 2 2
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 (4.5b) 
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 (4.5c) 

where  and  are the Fourier transforms of velocity response and 

acceleration response, respectively. 
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4.2.1 Vibration Control Performance 

The reduction of FRF magnitude attributed to EMDEH devices is used as the measure 

of the vibration control performance. Based on Equation (4.5), the module of the 

displacement, velocity, and acceleration FRF are given by 

 
2 2 2 2
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( ) (2 )
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 (4.6a) 
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 (4.6b) 

 
2

2 2 2 2
n n

( )
( ) (2 )

aH


   


 
 (4.6c) 

Increasing the damping ratio ζ results in a lower peak amplitude of the FRF in the 

damping dominated region, which corresponds to better control performance. Based on 

Equations (4.2) and (4.4a), a larger damping coefficient Cd of the EMDEH device will 

enhance the vibration control effect. Consequently, the optimal damping coefficient of 

an EMDEH device for SDOF structure vibration control is infinite.  

4.2.2 Energy Harvesting Performance 

Civil structures will undergo random vibration when wind and seismic loads are applied. 

Therefore, random excitation is considered here to investigate the energy-harvesting 

performance of an EMDEH device attached to an SDOF structure. In this subsection, 

random excitation is modeled as white noise with a constant power spectral density 

(PSD) Sf (ω)=S0, which is generally employed to characterize random vibration (Yang 

1986, Soong and Grigoriu 1993, Clough and Penzien 2003). The autocorrelation function 

of excitation takes the form (Yang 1986) 

  ( ) ( ) ( )fR E f t f t    (4.7) 

where  is the time shift. Hence, the autocorrelation function of the generalized force 

g(t) takes the form 

 2

( ) ( ) 1
( ) ( )g f

f t f t
R E R

m m m

     
 (4.8) 



Chapter 4 Analysis of Structure-EMDEH Systems 

 

90 

 

where E[·] denotes the expectation operator. The PSD function of the generalized force 

g(t) is given by 

 2

1 1
( ) ( ) ( )

2
j

g g fS R e d S
m

   


 


   (4.9) 

Thus, the PSD of velocity response is given by 

 
2 2 2 0
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        (4.10) 

The average damping power of the entire SDOF system is given by 

   22 0
d d 2

( ) ( ) ( ) ( )x v

cS
P E p t E cx t c S d H d

m
   

 

 
         (4.11) 

The integral terms in Equation (4.11) can be solved by the general formula shown as 

follows: 

 

2 2
2 0 0 2 1

1 2

( )
( )

B A A B
H d

A A


 





    (4.12a) 
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 (4.12b) 

According to Equation (4.5b) and (4.12), the integral results of Equation (4.11) is given 

by 

 0
d

S
P

m


  (4.13) 

When the excitation is a band-limited white noise excitation, Equation (4.13) is an 

approximate estimation provided that the frequency band is sufficiently wide. In 

stationary vibration, the power transmitted to the SDOF structure due to external 

random excitation is equal to the damping power of the entire system, such that 

 0
ex d

S
P P

m


   (4.14) 

The units of S0 and m in Equations (4.13) and (4.14) are N2·s/rad and kg, respectively. If 

the unit of S0 is N2/Hz, Equations (4.13) and (4.14) can be expressed as Pex=Pd=S0/(2m). 

Clough and Penzien (2003) presented the ‘average rate of energy dissipation’ for an 

SDOF system subjected to a zero mean ergodic random process with a constant PSD S0 

over the entire frequency range, and the result is consistent with Equation (4.13). In 
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addition, Equations (4.13) and (4.14) indicate that the average damping power of the 

entire SDOF structure, as well as the power transferred to the structure because of 

external excitation, is constant and independent of the damping coefficient c or the 

damping ratio ζ. The average damping power is proportional to the PSD of random 

excitation and is inversely proportional to the mass of the SDOF structure.  

 

When the SDOF structure-EMDEH system is subjected to white noise ground motion 

excitation, the closed-form solution of the average damping power of the whole system 

is: Pex=Pd=πmS0 (S0: PSD of white noise ground motion acceleration, unit: (m/s2)2·s/rad) 

or Pex=Pd=0.5mS0 (S0: PSD of white noise ground motion acceleration, unit: (m/s2)2/Hz). 

This analytical result indicates that the average damping power of the SDOF structure, 

when subjected to white noise ground motion excitation, is proportional to the mass. A 

more general conclusion, ‘power is proportional to proof mass for any waveform’, was 

drawn by Mitcheson (2005) when considering the base motion input (seismic forces).  

 

The above discussion indicates that larger proof mass produces larger output power of 

EMDEH device when considering ground motions (base motions or seismic forces). In 

contrast, larger proof mass results in less output power of EMDEH device when 

considering the external load, such as wind loads.  

 

Based on Equation (4.13), the input power of the EMDEH device is given by 

 d 0 d
in d

s d s d

S
P P

m

  
   

   
 

 (4.15) 

Equation (4.15) reveals that the input power to the EMDEH device Pin depends on the 

EMDEH device’s contributed damping ratio ζd, although the overall damping power Pd 

is independent of damping, and Pin increases with increasing damping ratio contributed 

by the EMDEH device. Two cases are discussed in detail as follows: 

 

(1) Cs=0, ζs=0. In this case, the input power of the EMDEH device is expressed as 

in ex d 0P P P S m   =constant for a specific random white noise excitation and a 

specific SDOF structure. This condition indicates that the energy-harvesting 
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performance of the EMDEH device is independent of Cd (or damper size). Whereas 

the vibration-control performance is benefitted from a greater Cd (or damper size).  

(2) Cs≠0, ζs≠0. In this case, the input power of the EMDEH device is a portion of the 

overall damping power of the entire system, as revealed in Equation (4.15). 

Consequently, increasing the damper size of the EMDEH device, that is, increasing 

the damping coefficient Cd, results in a larger power input into the EMDEH device. 

Thus, the output power of the EMDEH device is larger, given a fixed harvesting 

efficiency of different-sized EMDEH devices. From this perspective, the objectives 

of vibration control and energy harvesting are consistent with each other, whereby a 

larger damper size of the EMDEH device results in better vibration reduction and 

larger output power. 

 

Since Case (1) is a trivial case in practice, we can conclude that in the SDOF 

structure-EMDEH system, increasing the EMDEH device damping coefficient Cd, that 

is, increasing the damper size (or EMDEH device size), results in better vibration 

control and energy harvesting performance. 

 

Considering the harvesting efficiency of the EMDEH device (Equation (2.18)), the 

output power is given by 

 0 d
out in

s d

S
P P

m

  
 

   


 (4.16) 

Equation (4.16) indicates that the maximum output power of the EMDEH device 

corresponds to the maximum harvesting efficiency if the damping coefficient of the 

EMDEH is determined. The condition for achieving maximum harvesting efficiency is 

expressed in Equation (2.23) for a specific EMDEH device in terms of the fixed Kem, 

Rcoil, and Cp.  

4.3 MDOF Structure-EMDEH System 

MDOF systems are more practical representations of real civil structures (such as 

high-rise buildings) that have the potential for application of the proposed EMDEH 

device for simultaneous vibration control and energy harvesting. In this section, an 
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N-DOF structure subjected to external random excitation is considered, and the equation 

of motion of the MDOF structure is given by 

 MX + CX + KX = F   (4.17) 

where M, C, and K are the N×N mass, damping, and stiffness matrix, respectively; in 

particular, C=Cs+Cd; Cs is the structural inherent damping matrix; Cd is the damping 

matrix contributed by the EMDEH devices; and X , X , and X are the N-dimensional 

vectors that denote the acceleration, velocity, and displacement response relative to the 

ground, respectively. F is an N-dimensional vector that denotes the external force vector 

imposed on the N-DOF structure. For the linearly elastic structure, the displacement 

vector X can be expressed as the sum of modal responses 

 X = ΦY  (4.18) 

where Φ is the mode-shape matrix, which consists of N independent modal vectors, 

 1 2 N  Φ  , and Y is normal coordinate vector, representing the modal response. 

 

Substituting Equation (4.18) into Equation (4.17) yields: 

 MΦY + CΦY + KΦY = F   (4.19) 

Pre-multiplying by the transposition of the nth mode shape vector T
n  yields 

 T T T T
n n n n   MΦY + CΦY + KΦY = F   (4.20) 

The orthogonality condition is given by 

 0,T
n m m n   M  (4.21a) 

 0,T
n m m n   K  (4.21b) 

Hence, all the components except the nth-mode term in the mass and stiffness 

expression in Equation (4.20) vanish. The damping of the MDOF structure is 

contributed by the EMDEH devices and structural inherent damping. Suppose the 

damping matrix satisfies the same orthogonality condition, that is, 

 0,T
n m m n   C  (4.21c) 

Consequently, Equation (4.20) can be decoupled to N independent SDOF differential 

equations (Yang 1986, Clough and Penzien 2003) 

 n n n n n n nM Y C Y K Y F +   (4.22) 
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where Yn is the normal coordinate of nth mode, also known as modal coordinate or 

modal response. nM , nK , nC , and nF  are the modal mass, modal stiffness, modal 

damping coefficient, and the modal force, respectively, which take the following forms: 

 T
n n nM   M  (4.23a) 

 T
n n nK   K  (4.23b) 

 T
n n nC   C  (4.23c) 

 T
n nF  F  (4.23d) 

Divided by the modal mass, Equation (4.22) may be expressed in an alternative form 

(Yang 1986, Clough and Penzien 2003) 

 22n n n n n n nY Y Y G       (4.24) 

where n , n , and nG are the modal damping ratio, modal frequency, and generalized 

force, respectively, which take the following forms: 

 
2

n
n

n n

C

M



  (4.25a) 

 n
n

n

K

M
   (4.25b) 

 
T
n

n
n

G
M




F
 (4.25c) 

With the aid of the normal mode approach presented in this section, the coupled 

equation of MDOF linear structure [Equation (4.17)] is decoupled to be a set of N 

SDOF structures. The responses of the MDOF structure are the superposition of the 

modal responses of the N SDOF structures, which are given by Equation (4.18). The 

solutions of Equation (4.24) are given by the standard convolution integral form in the 

time domain, which is also known as Duhamel’s integration (Yang 1986) 

 ( ) ( ) ; 1,2, ,n n nY G t h d n N  



     (4.26) 

where   is a dummy time variable, and the unit-impulse response function is given by 



Chapter 4 Analysis of Structure-EMDEH Systems 

 

95 

 

 
2

2

exp( )
( ) sin 1

1
n n

n n n

n n

t
h t t

   
 


 


 (4.27) 

In the frequency domain, the displacement and velocity complex FRFs of each mode 

can be deduced from Equation (4.24), which are given by 

 
2 2

1
( )

2n
n n n

H
j


    


 

 (4.28a) 

 , 2 2
( )

2v n
n n n

j
H

j


    


 

 (4.28b) 

where ( )nH   and , ( )v nH   are the displacement and velocity complex FRF of the nth 

mode, respectively. The complex FRF is the Fourier transfer of the unit-impulse 

response function, which is given by 

 ( ) ( ) j t
n nH h t e dt

 


   (4.29a) 

 , ,( ) ( ) j t
v n v nH h t e dt

 


   (4.29b) 

where , ( )v nh t is the velocity unit-impulse response function of the nth mode. 

4.3.1 Theoretical Analysis 

The instantaneous damping power of the MDOF structure is 

 d ( )p t T= X CX   (4.30) 

Substituting Equation (4.18) into Equation (4.30) yields 

 d ( )p t T T T= (ΦY) C(ΦY) Y (Φ CΦ)Y     (4.31) 

According to Equations (4.21c), (4.23c), and (4.25a), Equation (4.31) can be rewritten 

as 

 

1 1 1
2

d
1

2 0

( ) 2 ( )

0 2

N

j j j j
j

N N N

M

p t M Y t

M

 
 

  

 
   
  

T= Y Y    (4.32) 

Equation (4.32) indicates that the damping power of the MDOF structure is the sum of 

the damping power of each mode. The average damping power is given by 
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N

j j j j
j

P E p t M E Y t 


   =   (4.33) 

The autocorrelation function of the modal velocity response is given by 

 

1 2 , 1 , 2 1 2

( ) ( ) ( )

( ) ( ) ( ) ( )

j j jY

j j v j v j

R E Y t Y t

E G t G t h h d d

 

      
 

 

   

      


 

 (4.34) 

where 1  and 2  are dummy time variables. The cross correlation functions of the 

different generalized forces are deduced by Equation (4.25c) 

 

1 2 1 22

2 12
1 1

1
( ) ( ) ( ) ( )

1
( )

T T
j j j j

j

N N

pj qj pq
p qj

E G t G t E t t
M

R
M

       

    
 

           

  

F F

 (4.35) 

where 2 1( )pqR      is the cross correlation function of excitations between the 

locations of p and q; pj , qj  are the components of jth mode shape vector at locations 

of p and q, respectively. Substituting Equation (4.35) into Equation (4.34) yields 

 2 1 , 1 , 2 1 22
1 1

1
( ) ( ) ( ) ( )

j

N N

pj qj pq v j v jY
p qj

R R h h d d
M

         
 

 
 

      (4.36) 

The PSD function of modal velocity response is given by 

 
1

( ) ( )
2j j

j
Y Y

S R e d  


 


    (4.37) 

Substituting Equation (4.36) into Equation (4.37), ( )
jY

S  takes the form 

 
2

1 1

2 1 , 1 , 2 1 2

1 1
( )

2

( ) ( ) ( )

j

N N

pj qjY
p qj

j
pq v j v j

S
M

R e h h d d d

  


       

 

   

  

 

 



  



 (4.38) 

in which, the cross spectral density function of the excitation at location p and q is given 

by 

 
1

( ) ( )
2

j
pq pqS R e d  


 


   (4.39) 

According to Equation (4.39), Equation (4.38) can be simplified to 
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   (4.40) 

The mean square modal velocity response is the integral of the PSD function ( )
Y

S  , 

which is given by 
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1 1

1
( ) ( ) ( ) ( )

j

N N

j pj qj pq v jY
p qj

E Y t S d S H d
M

      
 

 
 

      
  (4.41) 

The forces acting on the MDOF structure are assumed to be white noise excitations, the 

dynamic forces of which are in locations p and q and can either be correlated or 

uncorrelated. The PSD matrix of the random force vector F is assumed as 

 0SFS W  (4.42) 

where W is a N×N constant matrix, and S0 is a constant PSD of the white noise 

excitation. Thus, 

 0

1
( ) ( )

2
j

pq pq pqS R e d w S  


 


   (4.43) 

where pqw is (p, q) entries in the matrix W.  

 

According to Equations (4.5b) (4.12) and (4.43), the mean square modal response is 

given by 
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 (4.44) 

Substituting Equation (4.44) into Equation (4.33), the average overall damping power is 

rewritten as 

 0

1 1 1

N N N

d pj qj pq
j p qj

S
P w

M

  
  

   (4.45) 

The power input to the MDOF structure by the external excitation (also called excitation 

power) is given by 
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    (4.46) 

Similar to the SDOF structure, Equations (4.45) and (4.46) indicate that both the 

average overall damping power of the entire MDOF structure Pd and the power input to 

the structure Pex are independent of the damping ratio ζn. The average overall damping 

power is proportional to the PSD of random excitation S0 and is inversely proportional 

to the modal mass of MDOF structure. The energy input to the MDOF structure by 

random excitations is dissipated by the structural inherent damping and the EMDEH 

devices attached to each DOF. Hence, the input power of the EMDEH devices is a 

portion of the overall damping power of the entire MDOF structure-EMDEH system, 

which is given by 

 
, 0

in
1 1 1, ,

N N N
d j

pj qj pq
j p qs j d j j

S
P w

M

   
   

 
   (4.47) 

where ζs,j and ζd,j are the damping ratios contributed by the inherent structural damping 

and the EMDEH devices, respectively. 

 

Assuming that the EMDEH devices attached to the MDOF structure have the same 

harvesting efficiency η, the output power of the EMDEH devices can be expressed as 

follows: 

 
, 0

out in
1 1 1, ,

N N N
d j

pj qj pq
j p qs j d j j

S
P P w

M

    
   

  
   (4.48) 

Notably, the unit of the PSD of the white noise excitation is N2·s/rad. If cyclic 

frequency is used, in which the unit of S0 is N2/Hz, the corresponding formulas in 

Equations (4.45) to (4.48) should be rewritten similar to those in Section 4.1.2. Thus, 

 0
ex d

1 1 12

N N N

pj qj pq
j p qj

S
P P w
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    (4.49a) 
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   (4.49b) 
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   (4.49c) 

It should be pointed out that the ideal white noise excitation with infinite bandwidth 

does not realistically exist. Therefore, the random excitation imposed on a structure is 

usually assumed as band-limited white noise in practical applications. In this case, the 

power items Pex, Pd, Pin, and Pout can be derived in the same manner. Each power item 

shares similar expressions in Equations (4.45) to (4.49) and is the sum of the powers of 

all the modes that are excited by the band-limited white noise. For example, if we 

consider the random force f(t) as a band-limited white noise excitation as shown in 

Figure 4.2, which is defined as 

 
0 ,
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0,
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f

c

S
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 (4.50) 

where the cut-off frequency c lies between the natural frequencies m and 1m   

 

( )
f

S 

cc


0
S

 

Figure 4.2 PSD of band-limited white noise excitation 

 

Then, under band-limited white noise input, the power items in the power flow of the 

MDOF structure-EMDEH system can be rewritten as follows 

 0
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    (4.51a) 
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   (4.51b) 
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   (4.51c) 

where the unit of S0 is N2/Hz. 

 

If the inherent structural damping , ( 1, 2, )s j j N    is assumed to be zero, then 

Pin=Pex=Pd=constant. In this case, the Pin is stable regardless of the different damper 

sizes or different damping coefficients of the EMDEH devices. The output power of the 

EMDEH devices is only dependent on the harvesting efficiency according to Equation 

(4.48) and (4.51c). However, the vibration control performance still requires 

maximizing the contribution of the EMDEH device to structural damping ratios. 

 

In more general cases, the inherent structural damping cannot be neglected, that is, 

, 0, ( 1,2, )s j j N    . A greater damping ratio ,d j  contributed by the EMDEH 

devices leads to a larger output power to be harvested according to Equation (4.48) and 

(4.51c). Thus, the vibration control performance and output power can be optimized 

simultaneously by maximizing ,d j . In this case, the objectives of vibration control and 

energy harvesting are consistent with each other. Given a fixed harvesting efficiency of 

the EMDEH device, when more energy is harvested from the vibrating structure, a 

better vibration mitigation effect can be achieved. 

 

However, maximizing the damping ratios ,d j  is not necessarily corresponding to 

maximizing the damping coefficients of the EMDEH devices Cd. In the first numerical 

example presented next, the structural damping ratios keep increasing with the damping 

coefficients of the EMDEH devices; whereas in the second example, the maximum 

damping ratio can be achieved when the EMDEH damping coefficient Cd is equal to an 

optimal value.  

 

The above analysis is tacitly based on the Rayleigh damping (also known as the 

proportional damping) assumption. Proportional damping is a well-accepted assumption 

in structural dynamic analysis (Yang 1986; Soong and Grigoriu 1993; Clough and 

Penzien 2003, Balachandran and Magrab 2004;). Moreover, the above derivation 

assumes both the structural inherent damping matrix Cs and the supplementary damping 
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matrix Cd satisfy the orthogonal condition in Equation (4.21c) so that the damping ratio 

of each mode j  can be expressed as the superposition of the contributions from these 

two parts , ,s j d j  . If the forms of the damping matrices are not proportional damping, 

the dynamic characteristics (frequencies and mode shapes) are actually complex. In this 

case, the above derivation is not rigorous. However, the second numerical example 

presented in the following section show that the conclusions drawn from the 

closed-form solutions remain valid. 

4.3.2 Numerical Examples 

To investigate the optimal damping coefficient of the MDOF structure for vibration 

control and energy harvesting, two numerical examples of MDOF structures are 

presented in this section. The energy-harvesting performance is discussed with respect 

to the damping power of the EMDEH devices and with the assumption that 

different-sized EMDEH devices can achieve the same energy-harvesting efficiency. 

Passive vibration control is discussed in terms of modal damping ratio and dynamic 

response. 

4.3.2.1 Shear Building with EMDEH Devices 

A shear building model is a representative MDOF civil structure. In this example, a 

3-DOF shear building model (Figure 4.3) presented in Rana and Soong (1998) is 

employed to investigate the optimal damping for vibration control and energy 

harvesting. The mass, stiffness, and damping matrix are shown as follows: M(kg)=[10 0 

0;0 10 0;0 0 10]; K(N/m)=[2000 -1000 0;-1000 2000 -1000;0 -1000 1000]; and 

Cs(N·s/m)=[1.246 0.176 0.097;0.176 1.343 0.272;0.097 0.272 1.519]. The mode shape 

matrix, natural frequencies, and modal damping ratios are described as follows: 

Φ=[0.328 0.737 -0.591;0.591 0.328 0.737;0.737 -0.591 -0.328]; f1=0.7083Hz, 

f2=1.9846Hz, f3= 2.8679Hz; and ζs,1=2.0%, ζs,2=0.5%, ζs,3=0.3%. The damping of the 

shear building model installed with EMDEH devices consisted of the inherent structural 

damping and the additional damping contributed by the EMDEH devices installed 

between each adjacent DOF. Hence, the damping matrix is given by 

 dsC = C +C  (4.52) 
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where Cs and Cd denote the inherent structural damping matrix and the additional 

damping matrix, respectively. 

 

Assuming that each floor of the shear model is installed with the same EMDEH device, 

that is, c1=c2=c3=Cd, thus, Cd is given by 

 

1 2 2

d 2 2 3 3

3 3

0 2 1 0

1 2 1

0 0 1 1
d

c c c

c c c c C

c c

     
           
       

C =  (4.53) 

According to Equations (4.23c), (4.25a), and (4.53), the modal damping ratio 

contributed by the EMDEH devices is given by 

 ,1 ,2 ,30.0022 , 0.0062 , 0.0090 ,d d d d d dC C C      (4.54) 

 

3
( )f t

 

Figure 4.3 Three-DOF shear building model subjected to external random load 

 

Equation (4.54) indicates that modal damping ratio increases linearly with increasing 

damping coefficient Cd of EMDEH devices. Thus, adopting a larger damping coefficient 

Cd results in a larger modal damping ratio ,d n . This condition implies a better vibration 

mitigation effect. Therefore, the optimal damping coefficient of the EMDEH device for 

the shear building model is infinite, which is similar to the case of the SDOF model 

presented in Section 4.2. Moreover, adopting a larger damping coefficient Cd ensures a 

larger power flow in the EMDEH devices, which implies a larger output power in the 
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condition of constant harvesting efficiency. In addition, Equation (4.54) reveals that the 

required damping coefficients Cd of modes 1 to 3, which are used to achieve a targeted 

modal damping ratio, differ from one another. Generally, higher modes demand less 

damping. For example, the targeted damping coefficient for mode 1 is thrice that of 

mode 2 when aiming to achieve a given modal damping ratio in the two modes. 

 

To verify the closed-form solutions presented in Section 4.2.1, a time history analysis 

was conducted considering a set of Cd from 0 N·s/m to 20 N·s/m in this numerical 

example. A Gaussian random excitation generated by MATLAB (as shown in Figure 

4.4(a)) is imposed on the top floor of the three-DOF shear building. The random 

excitation is band-limited because of a time-step restriction, corresponding to the 

frequency range of 0-100 Hz, as shown in 4.4(b). The average value of the PSD of the 

random force is 20.09 N2/Hz. The dynamic response of the structure is calculated by the 

Newmark–Beta method with a time step of 0.005 s. The duration of this simulation is 

set to be 1,200 s, and the corresponding vibration control and energy harvesting 

performance can be evaluated based on the response. 

 

 

(a) Time histories     (b) PSD 

Figure 4.4 Time histories and PSD of the random force 

(Peak: 318.82 N; RMS: 63.11 N) 
 

Figure 4.5 shows the root-mean-square (RMS) displacement responses of the three 

floors with different damping coefficients Cd. Structural displacement responses 

attenuate with increasing damping coefficient of the EMDEH devices. The simulated 

results suggest that larger damping of EMDEH devices results in better vibration control 

effect.  
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Figure 4.5 Structural displacement responses vary with the damping coefficient of 

EMDEH devices 

 

Figure 4.6 Plots of power versus damping coefficient of EMDEH devices (Pin was 

predicted by Equation (4.49b)) 

 

Figure 4.6 shows the power items in the power flow of the MDOF structure-EMDEH 

coupled system when subjected to random force. The numerical results illustrate that the 

overall damping power Pd of the entire system is stable when increasing the damping 

coefficient Cd of the EMDEH devices. Although the random excitation generated by 

MATLAB is not the ideal white noise, as shown in Figure 4.4(b), the theoretical overall 

damping power Pin can also be estimated at 1 W by Equation (4.49a), letting

2
0 20.09 /fS S N Hz  approximately. A good match between the numerical results 
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and the predicted value according to Equation (4.49a) can be found in Figure 4.6. The 

numerical results also illustrate that the overall damping power of the entire system is 

equal to the input power of a structure-EMDEH coupled system by the external random 

load in a stationary random vibration. In addition, the input power of the EMDEH 

devices Pin increases along with increasing damping coefficient Cd, as shown in Figure 

4.6. By contrast, the structural inherent damping power Ps decays correspondingly. The 

increase in Pin implies a larger output power of the EMDEH devices if we assume 

approximately identical harvesting efficiencies for EMDEH devices of different sizes. 

Consequently, larger damper size or damping coefficient Cd benefits both vibration 

control and energy harvesting in the shear building model case. A larger damping 

coefficient Cd of EMDEH device resulted in a better vibration mitigation effect as well 

as a better energy-harvesting performance. Therefore, the objectives of vibration control 

and energy harvesting is consistent with each other in this case.  

 

 

Figure 4.7 Power distribution in each vibration mode in the three-DOF shear building 

subjected to random excitation 

 

According to Equations (4.49), Pex, Pd, and Pin in each vibration mode can be calculated, 

as shown in Figure 4.7. When the shear building model is subjected to the random 

excitation on the top floor, the damping power, or the energy in each vibration mode, is 

not the same, which decreases from modes 1 to 3. If the force is imposed on floor 2 or 

floor 1, the maximum damping power would be distributed in modes 3 and 2, 

respectively. The input power to the three EMDEH devices, when Cd=20 N·s/m, is also 
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shown in Figure 4.7. The damping power in modes 2 and 3 are almost absorbed by the 

EMDEH devices because of the large value of the , , ,( )d j s j d j    ratio. However, 

only 68.75% of the damping power is absorbed by the EMDEH devices, which depends 

on  the ratio ,1 ,1 ,1( )d s d   . A portion of the input power to the EMDEH devices can 

be converted to electric power and then harvested, which depends on the harvesting 

efficiency η of the device itself.  

4.3.2.2 Simply Supported Beam with an External EMDEH Device 

A simply supported beam with an intermediate transversal damper as shown in Figure 

4.8 is another typical example in which the optimal damping coefficient for vibration 

control exists. The structure-EMDEH system is also a typical non-proportional damping 

system because of the presence of the EMDEH device. In this case, the normal mode 

approach cannot be applied to decouple the equation of motion expressed in Equation 

(4.17). In fact, the equation of motion has to be decoupled in the complex domain using 

complex modal analysis. The dynamic response is usually calculated using the 

numerical method. Thus, the simply supported beam is modeled as a Bernoulli–Euler 

beam and the corresponding mass, stiffness, and damping matrix are calculated by finite 

element formulation.  
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Figure 4.8 Simply supported beam subjected to external random excitation 

 
The structural damping matrix of the simply supported beam is assumed as Rayleigh 

damping  
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   sC M K  (4.55) 

where   and   are the parameters of the Rayleigh damping. Owing to the presence 

of the EMDEH device near the support, the global damping matrix becomes 

 

0 0

0 0
jjc

 
 
  
 
 
 

sC C


 (4.56) 

in which cjj=Cd, and the jth DOF is the location of the EMDEH device.  

 

A standard steel I section beam was employed in this numerical example. The geometric 

and mechanical characteristics of the simply supported beam were: beam length l=12 m, 

Young’s modulus E=206 GPa, cross section area A=7644 mm2, moment of inertia 

Ix=1.5796×108 mm4, and beam mass per unit length =60 kg/m. The parameters of 

Rayleigh damping were 0.807314  and 0.000079  . A uniform mesh with 50 

elements was used in the analysis. The first three natural frequencies and corresponding 

modal damping ratios were: f1=8.033 Hz, f2=32.133 Hz, and f3=72.299Hz; ζ1=1.0%, 

ζ2=1.0%, and ζ3=1.9%. One EMDEH device, located at a distance of a=1.2 m (0.1l) 

away from the beam support, was installed for vibration control and energy harvesting 

simultaneously. A set of Cd from 1 kN·s/m to 160kN·s/m was considered in this 

numerical example. A Gaussian random excitation (Peak: 5.100 kN; RMS: 1.255 kN) 

generated by MATLAB was imposed on the location of 0.3l (xp=3.6 m) of the beam, as 

shown in Figure 4.8. The random excitation was band-limited with the frequency range 

of 0 Hz to 100 Hz because of integration time-step restriction, which is similar to 

numerical example 1. The dynamic response of the beam was calculated by the 

Newmark–Beta method with a time step of 0.005 s. The duration of this simulation is 

set to be 100 s. 

 

Figure 4.9 shows that the RMS acceleration responses of the beam at locations 1/5·l and 

1/2·l vary with the different damping coefficients of EMDEH device. The numerical 

results reveal that the optimal damping coefficient for locations 1/5·l and 1/2·l 

acceleration control are 100 kN·s/m and 120 kN·s/m, respectively. The acceleration 

responses decrease with increasing the damping coefficient when Cd is less than the 
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optimal one, and then slightly increase with increasing the damping coefficient.  

 

 

Figure 4.9 Acceleration responses of beam vary with the damping coefficient of 

EMDEH devices [without control acceleration: 16.42m/s2 (1/5l) and 10.37 m/s2 (1/2l)]

 

Figure 4.10 Plots of power versus damping coefficients of the EMDEH device [Pex and 

Pd predicted by Equation (4.51a); Pin predicted by Equation (4.51b)] 

 

Figure 4.10 shows the power items, Pex, Pd, Pin, and Ps vary with the damping 

coefficient Cd of the EMDEH device. The input power to the entire beam-EMDEH 

system Pex and the overall damping power Pd are almost identical, as shown in Figure 

4.10. The first three modes were excited by the Gaussian band-limited white noise, and 
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the damping power values of each mode were Pd,1=7.163 W, Pd,2=9.900 W, and 

Pd,3=1.045 W, respectively. The power/energy distribution in the vibration modes which 

are excited mainly depends on the excitation location, according to Equation (4.51). In 

addition, Pex and Pd can be well predicted by substituting the average PSD of the 

Gaussian band-limited white noise 2
0 7880 /fS S N Hz 

 
into Equation (4.51a). The 

average error of the prediction of overall damping power (as well as excitation power) is 

1%. The results suggest that the overall damping power (as well as excitation power) of 

structure-EMDEH system with nonproportional damping can be well estimated by the 

closed-form solution using proportional damping approximation.  

 

The power input to the EMDEH device Pin achieved its maximum power of 15.92 W 

when Cd=120 kN·s/m. Correspondingly, the dual-function EMDEH device can also 

harvest the maximum output power at this optimal point with a given harvesting 

efficiency. Recall that the acceleration responses all achieved their minimum levels 

under the same damping coefficient condition. As a result, the optimal damping 

coefficient for vibration control and energy harvesting are identical in this numerical 

example.  

 

As shown in Figure 4.10, the input power of EMDEH device (Pin) can be approximately 

estimated by the close-form solution (Equation (4.51b)) using proportional damping 

approximation. The average error of the input power prediction is about 10%. The 

results indicate that the modal damping ratios of a structure-damper system (e.g., 

structure-EMDEH system) with nonproportional damping are an approximate 

estimation of damping properties. The numerical results also suggest that the input 

power of the EMDEH device is slightly overestimated. However, the variation trend of 

predicted Pin-Cd curve is consistent with that of numerical results.  

 

In summary, this numerical example showed that vibration control and energy 

harvesting achieved the best effect when the damping coefficient of the EMDEH device 

was equal to the optimal value. In this example, the additional damping provided by the 

EMDEH device is nonproportional damping, which does not satisfy the damping 

orthogonal condition (Equation (4.23c)). Further, in many practical cases of 

structure-EMDEH system, the damping matrix is not proportional, which results in 
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complex modes. However, the proportional damping approximation is often used to 

represent the damping properties of the system in the nonproportional damping cases. 

The error between the exact response (displacement, velocity or acceleration) and the 

response of the system with proportional damping approximation can be neglected 

(Gawronski, 2004). Whereas the error of floor drifts response is significant using the 

proportional damping approximation, because the maximum or minimum response at 

different DOFs occurs at different time steps for nonproportional damping cases (Hart 

and Wong, 2000 and Spencer, 2013). On the other hand, the excitation power (Pex) or 

overall damping power (Pd) of a nonproportional damping system can be calculated by 

the closed-form solutions derived using proportional damping approximation, as 

illustrated in the numerical results. Further, the input power of EMDEH device can be 

approximately calculated with a slight overestimation by the corresponding closed-form 

solutions (e.g., Equation (4.51b)). Therefore, the average damping power and average 

output power of MDOF structure-EMDEH systems with a general damping matrix can 

be approximately predicted by the closed-form solutions presented in Section 4.3.1. The 

formulation can also be used for the analysis of energy/power flow in a general 

structure-damper system, if the assumption is met.  

4.4 Energy Harvesting and Vibration Control: Consistency or 

Contradiction 

Consistency between energy harvesting and vibration control is rarely discussed in 

literature. Based on the closed-form solutions presented in Sections 4.1 to 4.3 and the 

numerical studies, a general conclusion can be drawn as follows: 

 

(1). Cs=0, ζs=0. The overall damping power Pd is equal to the input power of EMDEH 

device/devices Pin. The average Pd and Pin maintain constant when the structure was 

subjected to a specific excitation, and are independent of the damping coefficients of the 

EMDEH devices. Consequently, the output power of the EMDEH devices is only 

dependent on the harvesting efficiency η. However, the optimal passive vibration 

control is associated with the optimal damping coefficients (finite or infinite). In this 

sense, the optimal energy harvesting and optimal passive vibration control are 

determined by different factors. 
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(2). Cs≠0, ζs≠0. The input power of EMDEH device/devices Pin is a portion of the 

damping power Pd, that is, in d , , ,
1

( )
m

d j s j d j
j

P P   


  . A larger modal damping ratio 

indicates better vibration mitigation and larger input power to the EMDEH device in 

this case. The modal damping ratio is determined by the damping coefficient, and the 

optimal damping coefficient for obtaining the maximum modal damping ratio varies 

from case to case depending on the structural types and the damper installation scheme. 

As illustrated in the analytical solution and numerical examples in Sections 4.1 to 4.3, 

the optimal damping coefficient can be infinite or finite. The damping coefficient of an 

EMDEH device is generally associated with the damper size, that is, a larger damper 

size results in a larger damping coefficient. If the damping coefficient is close to the 

optimal damping coefficient, the modal damping ratio and Pin is also close to its 

maximum value. Assuming that different-sized EMDEH devices can achieve an equal 

harvesting efficiency if properly designed. Consequently, optimal vibration control 

performance and maximum output power can be achieved simultaneously when the 

ratio of , , ,( )d j s j d j   achieves maximum value for a given harvesting efficiency. 

Energy harvesting and vibration control is consistent with the presence of structural 

damping.  

 

However, to achieve a prescribed damping coefficient Cd, a smallest EM damper can be 

used when the EMDEH device is short-circuited (Rload=0). In this special situation, the 

energy-harvesting function vanishes, and no power can be output from the EMDEH 

device although the input power is not equal to zero. To obtain the same damping 

coefficient and transfer a portion of the damping power to electric power simultaneously, 

a larger damper size for the EMDEH device (larger Kem, smaller Rcoil) need to be used 

together with the energy harvesting circuit designed according to the optimal load 

resistance condition [Equation (2.23)]. Consequently, the additional energy-harvesting 

function of the EMDEH device resulted in additional cost, compared with the EM 

damper used only for vibration mitigation.  
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4.5 Optimal Design Strategy 

A rational design for a dual-function EMDEH should address a dual-objective 

optimization problem by considering both vibration control and energy harvesting 

performance. Considering the general consistency of the two targets, an optimal 

damping coefficient can ensure both optimal vibration control and energy harvesting. 

For relatively stable parasitic damping, the total damping coefficient of the EMDEH 

device is determined by the input resistance of the energy harvesting circuit. Resistive 

circuits are favorable for maintaining constant damping coefficients for both vibration 

mitigation and energy harvesting. The resistance emulation technique by the 

performance optimization circuit using a DCM buck-boost converter presented in 

Section 2.6.5 is ready for the design of the dual-function EMDEH device. Owing to the 

resistive feature of the performance optimization circuit, the average input resistance is 

the main parameter to be determined. In addition, the damper size of the EMDEH 

device, which determines the parameters of Kem, Rcoil, and Cp, is the other aspect to be 

considered in the design procedure.  

 

As regards to energy harvesting, the optimal input resistance that maximizes the 

harvesting efficiency is given by Equation (2.23), which considers a parasitic damping 

effect. If the input power to the EMDEH device (Pin) is known when the structure is 

subjected to random excitation, the maximum harvesting efficiency will be consistent 

with the maximum output power. As a result, the optimal load resistance or optimal 

input resistance of the energy harvesting circuit for energy harvesting is given by the 

following: 

 
2
em

opt coil
p coil

1   
K

R R
C R

   (2.23) 

With regard to vibration control, the optimal input resistance of the energy harvesting 

circuit for vibration control can be calculated by 

 
2
em

opt,C coil
opt p

K
R R

C C
 


 (4.69) 

In practice, Equations (2.23) and (4.69) can be simultaneously satisfied if the 

parameters Kem (or Keq), Cp, and Rcoil of EMDEH are properly determined. However, the 
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selection of EMDEH parameters may be subjected to many constraints like the 

commercial availability of EM devices. When optimal Equations (2.23) and (4.69) 

cannot be simultaneously satisfied, a trade-off must be made between energy harvesting 

and vibration control performance in the design of EMDEH.  

 

Even if both optimal equations are satisfied, optimal dual performance can be 

maintained only within an optimal operation range because the DCM operation mode of 

the buck-boost converter requires the voltage of rectifier Urect to be less than a specific 

value, as defined in Equation (2.31). With an increase in rectifier output power (or 

vibration level), the buck-boost converter may transform to CCM, and the input 

resistance may deviate from the optimal setting. The decrease in input resistance results 

in an increase in total damping but a decrease in harvesting efficiency. Increasing total 

damping coefficient of the EMDEH device does not benefit the vibration control in 

some structural types, such as in stay cables or simply supported beams. As a result, 

both energy harvesting and vibration control performance would slightly decrease when 

out of the specific optimal operation range for the finite optimal damping coefficient 

cases. This situation will be carefully examined in Chapters 5 and 6, which presents two 

application examples of the dual-function EMDEH device. 

4.6 Summary 

This chapter presented the closed-form solutions of the output power of EMDEH 

device/devices in SDOF and MDOF structure-EMDEH systems subjected to white 

noise excitation. The analytical results of both SDOF and MDOF structure indicate that 

both output power and vibration mitigation would benefit from increasing the EMDEH 

device’s contributed damping ratio simultaneously, if the inherent damping of the 

primary structure is non-zero. Two numerical examples were presented to illustrate the 

analytical formulation. The analytical solutions and the numerical results showed that a 

general consistency between vibration control and energy harvesting holds for the 

primary structures with non-zero structural damping.  

 

In addition, the damping power Pd and excitation power Pex (Pd= Pex) are proportional 

to the PSD of random excitation and are inversely proportional to the mass of primary 
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structure when subjected to external loads. The output power, as a fraction of damping 

power, is therefore also proportional to the PSD of random excitation and is inversely 

proportional to the mass of primary structure when subjected to external loads (e.g. 

wind loads), which is different from the case when the primary structure subjected to 

seismic ground motion. 

 

A simple design strategy for the dual-function EMDEH device was introduced based on 

the consistent requirement of damping for vibration control and energy harvesting. The 

resistance emulation technique by the performance optimization circuit using a DCM 

buck-boost converter was used to match the optimal input resistance, which ensured 

both optimal vibration control and energy harvesting.  
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Chapter 5 Regenerative TMD for High-rise 

Buildings 

 

 

 

5.1 Introduction 

High-rise buildings are vulnerable to wind loads due to their slender shapes and 

low-frequency characteristics. Under strong wind conditions, (e.g. hurricanes), the 

wind-induced vibrations of high-rise buildings will be very excessive, which can cause 

discomfort in occupants and potential structural damage. Therefore, different control 

strategies and devices have been explored to suppress the wind-induced vibration of 

high-rise buildings. Tuned mass damper (TMD), a resonant energy absorber, is an 

effective wind-induced vibration control device for high-rise buildings (Xu et al. 1992b; 

Soong and Dargush 1997; Rana and Soong 1998; Chang 1999). A recent well-known 

example is the pendulum-type TMD (730 tons) in the Taipei 101 tower (Kourakis 2005). 

In conventional energy dissipation strategies, a great amount of the mechanical energy 

of TMDs is converted to heat. Thus, it is often associated with self-heating fluid 

dampers. 

 

The kinetic energy of high-rise building under strong wind excitation offers a great 

potential for energy harvesting, which deserves further investigation. By replacing the 

fluid dampers in TMD with EMDEH devices, the conventional passive TMD evolves 

into a regenerative TMD. Though the control principle of the regenerative TMD is 

similar to conventional TMD devices, the mechanical energy of TMD is converted into 

electrical energy by the EM damper first, and then stored in a battery or supercapacitor 

by the energy-harvesting circuit. From the energy-harvesting point of view, the principle 

of regenerative TMD is essentially the same as microscale electromagnetic energy 

harvesters using MEMS techniques, which commonly adopts an SDOF 

spring-mass-damper system to generate electrical power when excited near resonance 
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(Williams and Yates 1996; Mitcheson et al. 2004a; Beeby et al. 2006; Stephen 2006). 

The difference between a harvester and a regenerative TMD is that the latter is a 

dual-function system which offers both vibration control and energy-harvesting 

functions simultaneously.  

 

This chapter presents the shaking table test results of the proposed regenerative TMD, 

and a numerical study of its application in a full-scale, wind-excited, 76-story 

benchmark building (Yang et al. 2004). In the tests, a constant resistor circuit and a 

commercially available voltage-mode controlled buck-boost converter were used as the 

energy harvesting circuit. An SDOF structure was adopted to examine the performance 

of the proposed regenerative TMD. A series of shaking table experiments were carried 

out for proof of concept, in which the regenerative TMD was connected to commercial 

voltage-mode controlled buck-boost converter. The functionality of the regenerative 

TMD was discussed with regard to the vibration control performance and 

energy-harvesting performance. To evaluate the regenerative TMD performance in a 

practical, full-scale structure, this chapter presents a numerical study of its application in 

a full-scale, wind-excited, 76-story benchmark building subjected to crosswind loads. 

As pointed out in Section 2.6, the input impedance of the voltage-mode controlled 

DC-DC converter was not resistive and thus, cannot maintain maximum harvesting 

efficiency. Therefore, in the numerical study, the proposed performance optimization 

circuit was employed as the energy harvesting circuit. This simple circuit made optimal 

energy harvesting free from any sensors and compensation. The output power of 

regenerative TMD in the full-scale skyscraper was evaluated under different wind 

speeds. The structural vibration control effect and energy-harvesting efficiency was 

discussed in detail. 

5.2 Configuration of Regenerative TMD 

Figure 5.1(a) shows the conventional TMD, which is one of the most successful passive 

devices to mitigate the vibrations of high-rise buildings induced by wind loads. TMD is 

intrinsically a resonant oscillator (mass-spring-dashpot system) whose frequency is 

tuned to be the target mode of the primary structure (Soong and Dargush 1997; Rana 

and Soong 1998). In such way, the energy input by external forces would be partially 
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absorbed by the TMD and then dissipated by its passive dampers. The energy is finally 

converted to thermal energy by this “energy dissipating” device. Moreover, the TMD 

configuration is the same as the general SDOF energy harvester whose frequency is also 

tuned according to the ambient vibration sources. Consequently, conventional TMD can 

serve as a huge harvester if its damping energy can be converted to electrical energy. 

Figure 5.1 (b) shows the traditional passive damper replaced by an electromagnetic (EM) 

damper, which generates electrical voltage due to TMD motion. The electrical energy 

can then be stored in some energy storage elements (supercapacitors or rechargeable 

battery) through a properly designed energy-harvesting circuit. Thus, the conventional 

TMD evolves into a regenerative TMD, equivalently, “energy dissipation” strategy 

evolving into “energy harvesting” strategy. The regenerative TMD is a dual-function 

device, which is capable of both vibration mitigation and energy harvesting.  

 

      

(a) Conventional TMD          (b) Regenerative TMD 

Figure 5.1 Conventional passive TMD vs. regenerative TMD 

5.3 Proof-of-concept Test of Regenerative TMD 

5.3.1 Experimental Setup 

Figure 5.2 shows the test setup of a single-story steel frame equipped with a 

regenerative TMD. The single-story steel frame represents a generic SODF structure. 

The regenerative TMD is comprised of a pendulum-type TMD, a rotary electromagnetic 

damper, and an energy-harvesting circuit, seen in Figure 5.2(b). A simple pendulum is a 

common form of TMD. The pendulum is an auxiliary mass attached to a primary 

structure through a pendulum and a damper. And it actually adds another 

degree-of-freedom (DOF) to the primary structure. Moreover, the pendulum is a 
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resonant device oscillating at a similar frequency to the primary structure but with a 

phase shift. In this study, the damping characteristics of the regenerative TMD are 

mainly contributed by an EM damper. Notably, according to Faraday’s Law and 

Lorentz’s Law, any permanent-magnet motors or generators, either DC or AC, and 

either linear or rotary, can function as passive electromagnetic damper (Palomera-Arias 

2005; Palomera-Arias et al. 2008). A gearbox is often used to amplify the damping 

capacity and output power. The regenerative TMD can dissipate structural vibration 

energy and convert it to electrical energy, which can be further harvested and stored by 

an energy harvesting circuit. 

 

Table 5.1 shows the dimensions, frequencies, and damping ratios of the standalone steel 

frame without regenerative TMD and the mechanical properties of the pendulum-type 

regenerative TMD. Owing to the light damping feature of the steel frame, inherent 

damping ratio without regenerative TMD was enhanced to 0.95% by adding another oil 

damper to mimic real-world examples. The ratio of the regenerative TMD mass to the 

frame mass is 3.3%. According to the Ormondroyd and Den Hartog solution (1928), the 

optimal frequency and damping ratio of the regenerative TMD can be calculated as 

1.033 Hz and 11.07%, respectively. The measured frequency ratio and damping ratio of 

the regenerative TMD shown in Table 5.1 are close to these optimal values. The 

damping characteristics of the regenerative TMD were mainly contributed by a 

three-phase rotary electromagnetic damper with a length of 94 mm and a diameter of 78 

mm. The damper was composed of pairs of permanent magnets and coils, and its 

configuration was essentially the same as a conventional three-phase alternator. A 

gearbox with a ratio of 1:8 was used to enhance the rotational speed of the 

electromagnetic damper. As a result, it also magnified the damping of the regenerative 

TMD n2 times, where the gear box ratio n = 8.  

 

A rechargeable Li-ion battery (capacity: 1840 mAh, nominal voltage: 3.7 V) was 

selected as the energy storage element. Compared with a supercapacitor, a rechargeable 

battery usually has more stable voltage during the charging process and a lower 

discharging rate. Among various rechargeable batteries (e.g., Li-ion, NiMH, NiCd, SLA, 

Li Polymer, etc.), the Li-ion battery has a relatively high power density (Priya and Inman 

2009). Two energy-harvesting circuits described in the next section were tested 
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individually in the shaking table experiments. 

 

A wireless sensor consisting of an Imote2 wireless sensing platform (Crossbow 

Technology 2007; Rice et al. 2011) and an SHM-A multi-metric sensor board (Rice et al. 

2010; Rice et al. 2011) was installed to measure the acceleration response of the frame 

with a sampling frequency of 100 Hz [Figure 5.2(c)]. The measurement range and 

sensitivity of the three-axis accelerometer on the SHM-A sensor board is ±2g and 

0.66V/g. A voltage range between 3.7V to 4.7V was allowed by the Imote2 battery 

board (Crossbow Technology 2007), and thus can be directly powered by the Li-ion 

battery. The power consumption of Imote2 with a SHM-A sensing board was 

approximately 204 mW in standby state, while it consumed approximately 625 mW to 

865 mW in a 3-channel sensing mode. 

 

In addition to the wireless sensor, another wired sensing system was installed for the 

purpose of verification and evaluation of the regenerative TMD. More comprehensive 

responses were collected by a KYOWA EDX-100A data acquisition system with a 

sampling frequency of 100 Hz, including the accelerations of the shaking table and 

frame, the displacement of the shaking table, the frame and the pendulum, the 

corresponding voltages, and currents within the energy harvesting circuit. In civil 

structures, harvesting energy from structural ambient vibrations induced by traffic, 

pedestrians, winds, waves, and ground motions is of great interest. These ambient 

vibrations are typically random and with low frequencies. Random vibrations are 

widely used to represent generic ambient vibrations in energy-harvesting studies (Litak 

et al. 2010). Therefore, a series of shaking table tests were carried out under random 

excitations with relatively low frequency components (a band-limited white noise with a 

bandwidth of 0.5 Hz to 10 Hz) were employed in this study. Two magnitudes of ground 

motions with their root mean square (RMS) accelerations equal to 0.03 and 0.05 g, 

respectively were produced by the shaking table. During the tests, the standalone frame 

without regenerative TMD and the frame with regenerative TMD connected with 

different circuits were tested individually, and consequently the control and 

energy-harvesting performance of the regenerative TMD was evaluated.  
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Table 5.1 Properties of frame and pendulum-type regenerative TMD 

Steel Frame without TMD       Pendulum-type regenerative TMD 

Height of frame, h (m) 1.636  Length of pendulum, l (mm) 186 

Mass of frame, ms (kg) 527.9  Mass of TMD, m (kg) 17.6 

Width b1 (m) 1.04  Mass ratio of TMD, µ (%) 3.3 

Width b2 (m) 0.65  Frequency of TMD*,ftmd(Hz) 1.06 

Frequency of frame, fs (Hz) 1.078  Frequency ratio of TMD, α 0.99 

Damping of frame, ζs(%) 0.95  Constant Parasitic Torque (N·m) 0.6 

   Parasitic damping coefficient (N·m·s/rad) 0.01 

   Parasitic damping of TMD, ζp (%) 3.8 

   EM damping of TMD*, ζem (%) 6.3 

   Total Damping of TMD*, ζd (%) 10.1 

*measured when regenerative TMD was connected with Circuit A (Angle: 170). 

 

5.3.2 Energy Harvesting Circuit 

The AC voltage output of the three-phase rotary EM damper (e.g. an alternator) needed 

to be converted to DC output by a three-phase bridge rectifier consisting of six Schottky 

diodes [Figure 5.3(a)]. Figure 5.3(b) shows a simplified model of the structure equipped 

with the regenerative TMD, in which the EM damper and the three-phase bridge 

rectifier are represented by a two-port model which connected with a full-wave bridge 

rectifier. The pendulum-type regenerative TMD is represented by a linear-motion TMD. 

In this two-port model, Cp stands for the parasitic damping coefficient that accounted for 

various mechanical losses, such as friction losses and magnetic losses. Tem is the 

electromagnetic damping torque; fem is the electromagnetic damping force; Rcoil and Lcoil 

are the equivalent resistance and inductance of the coil of the electromagnetic damper 

(Rcoil=2R; Lcoil=2L), respectively. According to Faraday’s law of induction, and 

assuming the pendulum-type TMD has a minor swing, we obtain  

 0 em em g 0 em em em g em/ , / /u K K zn l i f K f l n K     (5.1) 

where u0 is the electromotive force (EMF), i0 is the current in the coil, Kem is the 

machine constant of the rotary EM damper (unit: V·s/rad or N·m/A), ω is the angular 

velocity of the rotor in the EM damper (in rad/s), z  is the velocity of TMD relative to 
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the primary structure, ng is the gear box ratio of the three-phase rotary electromagnetic 

damper, l is the length of the pendulum, and fem is the equivalent electromagnetic 

damping force of TMD. emK was identified as 0.7921 V·s/rad from the experimental u0/ω 

ratio, and equivalent machine constant eq em g 34.1K K n l  , (unit: V·s/m or N/A) . 

The coil resistance, Rcoil is equal to 2R, whose value is 34.0Ω.  

 

 

(a) Three-phase rotary EM damper connected with a three-phase bridge rectifier 

em
em

g
F

T
n

l


( )
g

x t

 

(b) Simplified model of the TMD and energy harvesting circuit 

Figure 5.3 Simplified model of regenerative TMD and its energy harvesting circuits in 

the shaking table test (Circuit A and Circuit B) 

 

Two different circuits, namely, Circuits A and B, were connected to the TMD and tested 

in this study: 

Circuits A – A single resistor was connected to the rectifier, representing a general 

electrical load with constant resistance [Figure. 5.3]. Due to the low frequency feature 

of the primary structure and the relatively small value of Lcoil of the EM damper, the 

effect of the coil inductance is ignorable in this experimental study. The resistance Rload 

was tuned to be 34 Ω to provide nearly optimal damping setting for the TMD (measured 
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value: ζd=10.1%, theoretical optimal value: ζopt=10.95%). On the other hand, the load 

resistance (Rload = 34 Ω) can provide suboptimal harvesting efficiency, which is 

estimated to be 32.9% according to Equation (2.20c) and is close to the theoretical 

optimal value (i.e. opt 37.5%  , Ropt=75 Ω) according to Equation (2.22) and (2.23). 

This case does not involve the energy consumption and nonlinearity of the energy 

harvesting circuit, thus representing practical upper bounds of energy-harvesting 

capability and vibration mitigation effect of the regenerative TMD system when 

subjected to random excitation. 

Circuit B –To maintain a stable charge voltage for the Li-ion battery, a DC-DC 

converter was employed to regulate the random output voltage from the regenerative 

TMD. The regenerative TMD in real-scale civil structures is expected to be much 

greater than those in conventional harvesters, thus, its output voltage will be much 

higher than the voltage of rechargeable batteries, and consequently, a buck or 

buck-boost converter is required in most applications. A voltage-mode controlled 

buck-boost converter (LDOC03-005W05-VJ) shown in Figure 5.3 was selected in this 

experiment. The switching buck-boost converter adjusted the duty cycles according to 

the changing output voltage via a fixed-frequency PWM (switching frequency: 1.5 

MHz). The allowed input voltage of LDOC03 is 3 V to 13.8 V, and the output voltage is 

tuned to 4.2 V, a standard charge voltage for Li-ion batteries. The capacitance of input 

capacitor Cin is 15.4 mF. 

5.3.3 Formulas in Power Flow 

The average excitation power to the structure-TMD system can be computed by 

 
2 2

1 1

ex s g g s tmd g g tmd
2 1 2 1

1 1
( )[ ( ) ( )] ( )[ ( ) ( )]

t t

t t

P m x t x t y t dt m x t x t y t dt
t t t t

    
         (5.2) 

where sm  and tmdm  are the mass of the primary structure and the regenerative TMD, 

respectively; g ( )x t  is the acceleration of ground motion; and s ( )y t  and tmd( )y t  are 

the velocity of the primary structure and the regenerative TMD relative to the ground, 

respectively. As the mass ratio of TMD, that is, mtmd/ms, is typically small, the second 

term in Equation (2) is often ignorable. The excitation power Pex is converted to three 
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additive parts, that is, the inherent damping power of the structure Pds, the rate of 

change (ROC) of structural vibration energy Pvs, and the absorbed power by the 

regenerative TMD Ptmd, that is  

 ex ds vs tmdP P P P     (5.3) 

The power absorption of the regenerative TMD would effectively suppress the vibration 

of the primary structure. The power absorbed by the regenerative TMD is further 

converted into the ROC of vibration energy of the regenerative TMD Pvt and the 

damping power of the regenerative TMD Pin 

 tmd vt inP P P   (5.4) 

The second term Pin is the input power to the EM damper and the energy-harvesting 

circuit. 

 

If we assume the structure behaves elastically, the vibration energy consists of kinetic 

energy and elastic potential energy, and thus, the ROC of vibration energy of the 

structure and the regenerative TMD are given by 

 

2 2 2 2
s s 2 s s 2 s s 1 s s 1

vs 2 vs 1
vs

2 1 2 1

1 1 1 1
( ) ( ) ( ) ( )( ) ( ) 2 2 2 2

m y t k y t m y t k y tE t E t
P

t t t t

  
 

 

 
 (5.5) 

 

vt 2 vt 1
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2 2 2 2
tmd tmd 2 tmd tmd 2 tmd tmd 1 tmd tmd 1
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( ) ( )

1 1 1 1
( ) ( ) ( ) ( )

2 2 2 2

E t E t
P

t t

m y t k y t m y t k y t

t t






  




 
 (5.6) 

When the system is subjected to a stationary excitation, the change in vibration energy 

would be small and the average ROC over a long period would be minimal and 

negligible. Consequently, the average excitation power Pex is approximately equal to the 

summation of the damping powers of the structure and the regenerative TMD (i.e. 

Pex=Pds+Pin=Pd), where Pd is the total damping power of the entire structure-TMD 

system. The average absorbed power by the regenerative TMD is approximately equal 

to the damping power of the regenerative TMD, given that the structure and the 
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regenerative TMD remains entirely elastic. The average dissipated power by structural 

inherent damping can be estimated by 

 
2

1

2
ds s s

2 1

1
( )

t

t

P C y t dt
t t

 
    (5.7) 

where sC  is the inherent damping coefficient. Unlike conventional TMDs in which the 

damping power is just dissipated, the damping power in the regenerative TMD becomes 

the input power Pin of the EMDEH device. The input power can be further divided into 

several additive terms, i.e., parasitic damping power Pp, copper loss Pcoil, circuit power 

loss Pehc and, output power Pout.  

 

As mentioned previously, if the swing of the pendulum is small, the pendulum-type 

TMD can be simplified as a linear oscillator in the horizontal direction. The average 

parasitic damping power Pp can be estimated by 

 
2

1

2
p p

2 1

1
( )

t

t

P C z t dt
t t

 
    (5.8) 

where pC is the parasitic damping coefficients of the regenerative TMD. 

tmd s( )z t y y  
 is the velocity of the regenerative TMD relative to the primary 

structure. The average copper loss Pcoil is calculated by 

 
2

1

2 2
coil 1 coil 1, coil

2 1

1
( )

t

rms

t

P i t R dt I R
t t

 
   (5.9) 

where i1 and I1,rms are the transient and RMS current flowing in the coils of the EM 

damper, respectively. Rcoil is the resistance of the coils. The average gross output power 

Pg and the average net output power Pout from the EM damper in a general 

energy-harvesting circuit (e.g., Circuit B) are 

 
2

1

g 1 1
2 1

1
( ) ( )

t

t

P u t i t dt
t t

 
   (5.10) 

 
2

1

out 2 2
2 1

1
( ) ( )

t

t

P u t i t dt
t t

 
   (5.11) 
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where u1 is the transient input voltage to the energy-harvesting circuit; u2 and i2 are the 

voltage and charging current of the rechargeable battery, respectively (as shown in Figure 

5.3). 

 

Particularly in Circuit A, there was no power consumption by the energy-harvesting 

circuit 

 
2
rms

g out
load

U
P P

R
   (5.12) 

Circuit A is one of the simplest representative energy-harvesting circuits for assessing 

the capability of energy-harvesting (Priya 2005). As it does not involve any power loss 

in the external circuit, it is a good reference to assess the efficiency of the 

energy-harvesting circuit when the system is subjected to the same excitation. Based on 

the above estimated power items, the overall energy-harvesting efficiency η and its 

corresponding intermediate energy conversion efficiencies η1, η2, and η3 can be 

calculated accordingly. 

 5.3.4 Test Results of Random Vibration Cases 

This section discusses the test results in random vibration cases, with respect to the 

control effect and the energy-harvesting performance. 

5.3.4.1 Control Effects 

Figure 5.4 shows the FFT spectra of the free vibration displacement of the frames 

without and with the regenerative TMD system respectively. The regenerative TMD is 

connected to Circuit A. Similarly to other TMDs, the regenerative TMD also adds one 

more DOF to the primary structure. As a result, two dominant frequencies can be 

observed in the FFT spectrum after the installation of the regenerative TMD. The 

considerably reduced peaks imply the enhanced damping of the structure due to the 

regenerative TMD.  
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Figure 5.4 FFT spectra of displacement responses of the primary structures with and 

without regenerative TMD (Circuit A) 

 

 

Figure 5.5 FRFs of displacement responses of the primary structures with and without 

regenerative TMD (Ground motion level of 0.03 and 0.05 g, Circuit A: 34 Ω, Circuit B: 

voltage mode controlled buck-boost converter) 

 

Figure 5.5 shows the FRFs of structural displacement responses due to ground motions 

(RMS ground accelerations of 0.03 and 0.05 g) for the structures without control and 

with the regenerative TMD (Circuit A, 34 Ω and Circuit B). Similar to the displacement 

FFT spectra in Figure 5.4, two dominant peaks can be seen in Figure 5.5 for the 
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controlled structures with regenerative TMD. The peak magnitudes of the structural 

FRFs have been considerably reduced by approximately 10 dB in the displacement 

responses. The almost overlapping FRFs reveal that the control effects of the 

regenerative TMDs connected to Circuit A (34 Ω) or Circuit B are very close, in which 

Circuit B shows a slightly better control effect under a larger excitation condition (0.05 

g). The damping ratios of the structures were estimated based on the displacement 

responses under the random ground motions and their values are also shown in Table 

5.2. Notably, both the parasitic damping and EM damping are theoretically dependent 

on the vibration amplitude. The nonlinearity of the parasitic damping is mainly 

contributed by the friction; whereas the nonlinearity in the EM damping is due to the 

varying impedance of Circuit B using voltage mode controlled buck-boost converter. 

For example, EM damping is nearly zero, and parasitic damping is considerable if the 

vibration amplitude is small. Therefore, the estimated damping ratios are the equivalent 

values under random excitation. However, only a slight difference in the control 

performance can be observed at the two excitation magnitudes. 

 

Table 5.2 Control effects of regenerative TMD (ground acceleration: RMS 0.03 g) 

Scenarios RMS Responses           Peak Responses Damping 

Ratio 

(%)  
s,rmsy

 

(m/s2) 

s,rmsy  

 (mm) 

s,maxy
 

(m/s2) 

s,maxy
 

(mm)
 

Without control 0.941 20.155 3.446 69.842 0.95 

With EM-TMD (Circuit A) 0.365 8.207 1.081 24.230 4.22 

Reduction (%) 61.21 59.28 68.63 65.33 ---- 

With EM-TMD (Circuit B) 0.322 8.310 1.466 35.17 4.59 

Reduction (%) 65.78 58.77 57.46 49.64 ---- 

 

Figure 5.6 indicates that the displacement and acceleration time histories under random 

ground motion for the uncontrolled structure, and the structures with Circuit A (34 Ω) 

and Circuit B. We observed that the structure responses are effectively suppressed by 

the regenerative TMD when connected with either Circuit A (34 Ω) or Circuit B. The 

control effect in the case of Circuit B is still close to the case of Circuit A (34 Ω). Table 

5.2 presents more detailed comparison of the control performance under random ground 

motion with the RMS accelerations equal to 0.03 g. The peak displacement s,maxy , the 
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peak acceleration s,maxy , the RMS displacement s,rmsy , and the RMS acceleration s,rmsy

are summarized in the Table 5.2. A significant reduction can be achieved in both the 

displacement and acceleration responses. The comparisons clearly indicate that the case 

of Circuit B has a good control effect comparable to Circuit A (34 Ω). Therefore, the 

aforementioned nonlinearity involved in Circuit B did not deteriorate the control 

performance. 

 

 

(a) Structural acceleration response 

 

(b) Structural displacement response 

Figure 5.6 Comparisons of structural response time histories without control and with 

regenerative TMD (Ground acceleration: RMS 0.03 g). 

5.3.4.2 Harvesting Efficiency  

Circuit A 

Figure 5.7 shows the time history of the output voltage (the voltage on Rload) for Circuit 

A (34 Ω) when the structure was subjected to a random ground motion of RMS 0.03 g. 

The output voltage is a stochastic process, and it is up to 8.664 V in Figure 5.7. A larger 

TMD mass generally results in a smaller friction loss in the bearing, gear box, and EM 

damper. Meanwhile, a larger motion of the TMD will result in higher voltage output. 

Notably, the mass of TMD in real civil structures is huge in comparison with those in 

conventional EM energy harvesters. Consequently the output voltage and power will be 
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considerably greater than those of smaller EM energy-harvesting devices, the output 

voltages of which are typically hundreds of mV (Dayal et al. 2011). 

 

 

Figure 5.7 Time history of output voltage (Circuit A, 34 Ω) 

 

(a) Power (0.03 g)              (b) Efficiency (0.03 g) 

 

(c) Power (0.05 g)          (d) Efficiency (0.05 g) 

Figure 5.8 Energy-harvesting performance for Circuit A during shaking table test 
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Given the output voltage, the output power in Circuit A can be estimated using Equation 

(5.12). Figure 5.8 (a) shows the variations of the output power during the shaking table 

test, as well as the EM damping power Pem, the input power to the regenerative TMD 

Pin, and the excitation power from the ground motion to the structure Pex. As revealed 

by Equations (5.3) and (5.4), the difference between the excitation power and the total 

damping power is equal to the ROC of the vibration energy of the entire system. 

Meanwhile, the output power varies during the shaking table test, which implies that the 

output power is dependent on the magnitude of the ground excitation. The average 

output power of the electric load is 200.9 mW. Other average powers in the power flow 

are presented in Table 5.3. Figure 5.8 (b) shows the variation of the efficiencies over 

time, in which, the electromechanical coupling coefficient 1 varies from 41.8% to 

53.1%. The harvesting efficiency η can be computed according to Equation (2.18) and 

ranges from 20.9 % to 26.6%, with the average equal to 24.1%. The harvesting 

efficiency is lower than the theoretical value (32.9%, ζp =3.8%, Cp =8.9 V·s/m, Equation 

(2.20c)) because the parasitic damping coefficient Cp > 8.9 V·s/m in the case of small 

amplitude vibration due to Coulomb friction effect (Equation (2.6)). Since no power 

loss occurred in the Circuit A, the harvesting efficiency  shows the same variation 

trend as the electromechanical coupling coefficient 1 . 

 

In addition, the power variation of the regenerative TMD when connected to Circuit A 

under the ground motion level of 0.05 is presented in Figure 5.8(c). With the increase of 

ground motion magnitude, the peak output voltage of regenerative TMD grew to 17.1V 

and the average output power was 930.3 mW. The output power is proportional to the 

cubic magnitude of the random ground motions. Furthermore, the parasitic damping of 

regenerative TMD consists of friction damping and viscous damping. Therefore, the 

equivalent parasitic damping coefficient becomes smaller with the increasing motion 

amplitude of the regenerative TMD. It results in a higher electromechanical coupling 

coefficient 1  and consequently a higher overall harvesting efficiency   under larger 

ground motions [as shown in Figures 5.8(b) and (d)]. An overall harvesting efficiency of 

33.6%, was measured in this case, which is close to the value estimated by Equation 

(2.20c), 32.9%. 

 

 



Chapter 5 Regenerative TMD for High-rise Buildings 

 

132 

 

Table 5.3 Power and efficiency of regenerative TMD in shaking table test 

Circuit 
gx

(g)

Pex 

(mW) 

Pin 

(mW) 

Pp 

(mW)

Pem 

(mW) 

Pg 

(mW)

Pout 

(mW)

η1 

(%) 

η2 

(%) 

η3 

(%)

η 

(%)

A (34Ω) 0.03  1015.5 821.2 419.4 401.8 200.9 200.9 48.9 50 100 24.5

A (34Ω) 0.05  4072.2 2715.5 854.9 1860.6 930.3 930.3 67.2 50 100 33.6

B 0.03  890.3 818.7 418.0 400.7 193.6 68.9 48.9 48.3 35.6 8.4

B 0.05  4130.8 2709.7 892.7 1817 735.6 312.4 67.1 40.6 43.1 11.7

 B* 0.05  3654 2613.1 1030 1583.1 646.2 339.9 60.6 40.8 52.6 13 

*connected with wireless sensor 

 
Circuit B 
 
This section presents the power efficiency of the regenerative TMD connected with 

Circuit B under random excitations. Circuit B represents a real energy harvesting circuit. 

In Circuit B, the voltage-mode controlled buck-boost converter was always associated 

with power loss, and the actual impedance of the circuit varied under random 

excitations. As a result, the harvesting efficiency of Circuit B was observed to be less 

than that of Circuit A, which did not involve any power consumption in the circuit.  

 

  

(a) Without electric load     (b) Charging Li-ion battery 

Figure 5.9 Input and output voltages of the voltage-mode controlled buck-boost 

converter of Circuit B (Ground acceleration: RMS 0.05 g) 

 

Figure 5.9 shows the performance of the voltage-mode controlled buck-boost converter. 

Figure 5.9(a) shows the input and output voltage of the converter which is not 

connected to the battery or any electric load under a random ground motion of RMS 

0.05g. Although the input voltage showed a substantial fluctuation, the voltage-mode 
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controlled buck-boost converter maintained a stable output voltage of 4.2V on the battery, 

with minimal ripples observed. Figure 5.9(b) presents the case in which the energy 

harvesting circuit was connected to a Li-ion battery, and a stable output voltage u2 of 

3.8V was maintained. Notably, an input voltage higher than 10V was beyond 

measurement range, and the actual fluctuations in the input voltage was greater than that 

observed in Figure 5.9.  

 

 

(a) Battery charging curve    (b) Input current and charging current 

Figure 5.10 Charging voltage and current to Li-ion battery  

(Circuit B, Ground acceleration: RMS 0.05 g) 

 

Figure 5.10 indicates the time histories of the battery voltage and the charging current 

during the shaking table tests, when Circuit B was connected to a Li-ion battery. Under a 

random ground motion of 0.05 g, the voltage of the rechargeable battery slightly 

increased over time as can be seen in Figure 5.10(a), which implies that the Li-ion 

battery can be successfully charged by the energy-harvesting circuit and store the energy 

from the regenerative TMD. Figure 5.10(b) shows the output current from the rectifier i1 

and the charging current i2 in the battery. An apparently nonlinear relationship between u1 

and i1 has been observed during the test, and thus the transient input resistance of the 

circuit was not constant in this case. As the EM damping force was proportional to the 

current in the coil, that is, the current output from the rectifier i1, the EM damping 

coefficient varied under the random vibrations. The average charge currents were 

approximately 18.7 and 81.3 mA under random ground motions of 0.03 and 0.05 g, 

respectively. According to Equations (5.10) and (5.11), the power Pg and Pout can be 

calculated using the measured voltage and current.  
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Figure 5.11 shows the variations of different powers under the ground motion of 0.05. 

Different types of power show similar fluctuation trends in Figure 5.11(a). In general, 

power increased with increasing excitation magnitude. Table 5.3 presents more power 

terms in this case. We find that approximately 65.6% to 92% of the total excitation 

energy was “consumed” by the regenerative TMD, which justifies its good vibration 

control performance. Figure 5.13(b) shows the variations of efficiency in this case.  

 

(a) Variation of power over time   (b) Variation of efficiency over time 

Figure 5.11 Power and efficiency of regenerative TMD 

(Circuit B, Ground acceleration: RMS 0.05 g) 

 

By comparing Figure 5.8(d) and Figure 5.11(b), it was observed that the 

electromechanical coupling coefficient 1  was approximately close between two cases–

Circuit A and Circuit B–under the same ground motion level. Though the efficiency of 

EM damper 2  remained stable during the test, the corresponding average value of 

40.6% is lower than that of Circuit A, which implies that the average input resistance of 

Circuit B under the ground motion of 0.05 is approximately 23 Ω according to Equation 

2.20(b). The average gross output power from the EM damper is approximately 735.6 

mW and the corresponding gross efficiency 1 2   is 27.2%, which is less than the 

theoretical optimal efficiency of opt 37.5%   (corresponding to Ropt=75 Ω) and the 

suboptimal efficiency of 33.6% achieved in Circuit A (corresponding to Rload = 34 Ω). It 

is mainly because the average input resistance of Circuit B diverges from the optimal 

value. The results support the argument that the feedback loop for voltage regulation in 

a DC-DC converter may show varying input load resistance, thus compromising the 
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optimality of energy harvesting efficiency and capability in Section 2.6.4. 

 

The final output power to the battery dramatically dropped to 312.4 mW, representing a 

low efficiency of the voltage-mode controlled buck-boost converter (η3=43.1%). 

Notably, the nominal efficiency of the converter is above 90%. In this study, the input 

power or current is much lower than the optimal range of the converter, resulting in a 

relatively low efficiency. Such a low efficiency can be further improved by selecting a 

suitable DC-DC converter. The energy conversion coefficients 1  and 2  are 67.1% 

and 40.6%, respectively. The harvesting efficiency was approximately 11.7%. The 

average powers in other test scenarios are summarized in Table 5.3. For example, the 

efficiency of EM damper 2  and the gross output power Pg under the ground motion of 

0.03 g are equal to 48.3% and 193.6 mW, respectively, both close to those in Circuit A. 

This implies that the average input resistance of Circuit B under a ground motion of 

0.03 g is very close to the resistor case (Rload=34Ω), although the transient input 

resistance was not constant. The increase of the excitation magnitude produced a higher 

EMF and corresponded to a relatively lower average input resistance of the 

voltage-mode controlled buck-boost converter in the experiments. 

 

In the case of Circuit B (RMS 0.05g), the average PSD of the random force ( s gm x  ) 

imposed on the primary SDOF structure (ms=527.9 kg) is 4175 N2/Hz over the 

frequency band of 0.5 to 5 Hz. The excitation power Pex and the total damping power Pd 

is predicted to be 3954 mW according to Equation (4.14) ( ex d 0 s(2 )P P S m  ), in 

which the input power to the TMD mass due to ground motion is neglected. The 

predicted excitation power Pex is close to the measured value 4130.8 mW (Table 5.3), 

suggesting the addition of TMD lead to a minimal change in the total excitation power 

input to the structural system.  

5.3.4.3 Power Wireless Sensor 

The Li-ion battery charged by Circuit B connected to the regenerative TMD, was used 

to power the Imote2 wireless sensor with SHM-A sensor board. As aforementioned, 

according to the measured data in this experiment, its power consumption was 

approximately 204 mW in standby state and 626 mW in sensing state. As shown in Table 
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5.3, the average output power values are 68.9 and 312.4 mW under ground motions of 

0.03 and 0.05 g, respectively. Therefore, the regenerative TMD-powered wireless 

sensing was only conducted under a ground motion of 0.05 g. The time histories of the 

battery voltage, output power, and the power consumption of the wireless sensor are 

shown in Figure 5.12. The Li-ion battery was charged in the first 60s; the voltage 

dropped slightly during 60 s to 80 s, as the output power was less than the standby 

power of Imote2. The peak power consumption occurs between 84.7 s and 113.5 s when 

the power consumption of the wireless sensor was boosted up from the standby state to 

the sensing state, and the Li-ion battery is discharged as evidenced by the clear voltage 

drop. We point out that (1) most wireless sensors are not intended for continuous 

structural monitoring in practical applications, and thus, the average power consumption 

in the long run should be considerably lower than its peak power. For example, the 

average power consumption of the Imote2 in this experiment is approximately 299 mW, 

still slightly less than the average output power of the regenerative TMD. (2) The output 

power of full-scale regenerative TMD in real buildings or structures would be greater by 

several orders of magnitude, definitely sufficient as power supplies to wireless sensor.  

 

 

(a) Battery voltage time history       (b) Variation of power 

Figure 5.12 Variation of battery voltage and output power (circuit B connected with 

wireless sensor, ground acceleration: RMS of 0.05 g) 

 

In addition, the performance of the wireless sensor was validated through the 

comparison of wireless and wired sensing signals. Figure 5.13 shows the horizontal 

acceleration response between 98.3 s and 108.54 s collected by using the Imote2 

wireless sensor and the conventional accelerometer. The sampling frequency of both 
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systems is equal to 100 Hz, and thus, in total, 1,024 sensing data points were collected. 

A good agreement between the wired and wireless sensing data exhibits that the 

wireless sensor collected high-quality acceleration data during the tests. More 

high-frequency components can be observed in the wireless data mainly because of a 

different low-pass filter being used. At the sampling frequency of 100 Hz, the cutoff 

frequency of the low-pass analog filter is 40 Hz in the wireless sensor, which is four 

times of that of the wired sensing system. We noted that the whole sensing process of the 

wireless sensor consists of setup, data sensing, data resample, and data transmission. 

Therefore, the duration of the peak power consumption (shown in Figure 5.12) is 

always longer than that of the acceleration data (Figure 5.13). In summary, the 

experimental results clearly verify the feasibility of using the electric power extracted 

from civil structure via regenerative TMD to power wireless sensors. Thus, the 

experimental results further illustrate the feasibility of a self-powered vibration control 

and monitoring system, consisting of a regenerative TMD and wireless sensor networks. 

 

 

Figure 5.13 Comparison of wireless and wired acceleration signals of the primary 

structure 

5.4 Numerical Study for Full-scale Application 

This section presents a numerical study on the regenerative TMD application in a 

full-scale 76-story 306 m-high benchmark building subjected to across-wind 

excitations. The numerical study was implemented in Simulink of MATLAB 
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ground was first assumed. Then, a power law (exponent = 0.365) was employed to 

calculate the mean wind speed at the top of the building, and then the scaling factor 

(U/47.25)2 was implemented for calculating the across-wind forces. Consequently, the 

benchmark building model and corresponding across-wind forces at different wind 

speeds are available for the numerical study of regenerative TMD with application to 

full-scale buildings. 

5.4.2 Regenerative TMD for the Benchmark Building 

In this numerical study, a regenerative TMD installed in the wind-excited 76-story 

benchmark building was first designed according to the optimal design criteria of 

passive TMD, and then the parameters of the performance optimization circuit were 

calculated by Equation (2.35). A 500-ton regenerative TMD (mass ratio of 1.33%) 

installed at the top floor was designed to suppress the first modal responses of the 

benchmark building subjected to across-wind excitations. The optimal frequency ratio 

and damping ratio of the regenerative TMD were determined based on Den Hartog’s 

solution (Den Hartog, 1956), as shown in Table 5.4. The target damping coefficient of 

TMD Copt is 69.54 kN·s/m, corresponding to the optimal damping ratio of TMD.  

 

Table 5.4 Parameters of the regenerative TMD of the Simulink model 

TMD  EMDEH device  

Mass of TMD, m (ton) 500 Coulomb friction force, Fc (kN) 0.5 

Mass ratio of TMD, µ (%) 1.33 Viscous damping coefficient, cm (kN·s/m) 14.4 

Frequency ratio of TMD, α 0.987 Cem in DCM (kN·s/m) 46.6 

Frequency of TMD, ftmd (Hz) 0.158 Machine constant, Keq (V·s/m or N/A) 939.5

Damping ratio of TMD, ζopt (%) 7.01 Resistance of coils, Rcoil (Ω) 4.8 

Copt (kN·s/m) 69.54 Average input resistance in DCM, Rin (Ω) 14.1 

 

The damping of TMD is provided by the dual-function EMDEH device, thus, 

Copt=Cp+Cem. On the other hand, the design of the dual-function EMDEH device should 

consider energy-harvesting performance. Therefore, the design process of an EMDEH 

device for a regenerative TMD including the properly design of EM damper, parasitic 

damping coefficient Cp evaluation and, the design of a performance optimization circuit. 

In this numerical study, an EM damper (Keq=939.5 V·s/m, Rcoil=4.8 Ω, Fc=0.5 kN, 
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cm=14.4 kN·s/m) was selected as the key component of the EMDEH device. According 

to Equation (2.6), the parasitic damping coefficient Cp is dependent on vibration 

frequency and amplitude because of the presence of Coulomb friction force Fc. 

Consequently, the parasitic damping coefficient Cp should be evaluated before the 

design of performance optimization circuit. In this numerical study, the frequency of the 

EM damper is equal to the optimal frequency of a passive TMD, i.e., 0.158 Hz. The 

amplitude of EM damper motion was evaluated through the simulation of the 76-story 

benchmark building with the optimal passive TMD (parameters refer to Table 5.4), 

whose average amplitude was 67 mm within the mean wind speed range from 4 to 14 

m/s. As a result, the parasitic damping coefficient Cp was 24.0 kN·s/m according to 

Equation (2.6) (f=0.158 Hz, d=67 mm). The target average input resistance of the 

performance optimization circuit was therefore determined to be 14.1 Ω by using 

Equation (2.23), which matches the optimal load resistance for achieving maximum 

harvesting efficiency. The resultant total damping coefficient Ctotal is 70.6 kN·s/m, 

which is close to the optimal damping coefficient of TMD (Copt). Because of the general 

consistency between vibration control and energy harvesting demonstrated in Chapter 4, 

the average input resistance designed value 14.1 Ω could also offer nearly maximum 

output power.  

 

A lead acid rechargeable battery (nominal voltage of 216 V; capacity of 20 Ah) was 

employed as the energy storage element. The performance optimization circuit using a 

DCM buck-boost converter with a fixed duty cycle was designed in detail, considering 

the practical parameters of the electronic components. The Ron and ESR of the 

MOSFET and the ESR of the inductor and capacitor were all set based on the 

components datasheet, as shown in Table 5.5. 

 

Figure 5.15 shows the Simulink block of the benchmark building installed with the 

regenerative TMD. A state space model represents a 77-DOF model considering the 

76-story benchmark building and the regenerative TMD. The energy harvesting circuit 

was directly built up under the MATLAB/SimPowerSystems environment. The diodes, 

MOSFET, rechargeable battery, inductor, and capacitors were taken from the library of 

SimPowerSystems. The electronic models consider detailed parameters such as forward 

voltage drop VF, ESR, on-resistance Ron of MOSFET, and internal diode resistance Rd 
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751 max( ) /

i ox xJ      (5.13a) 

 
76 763 /

ox xJ    (5.13b) 

 7 75max( ) /pi p oJ x x    (5.13c) 

 9 76 76/p p oJ x x  (5.13d) 

 

where 
ix   is the RMS acceleration of the ith floor (i = 1, 30, 50, 55, 60, 65, 70, 75) 

with regenerative TMD; 
75ox   is the RMS acceleration of the 75th floor without control; 

76x  is the RMS displacement of the 76th floor with regenerative TMD; 
76 ox is the 

RMS displacement of the 76th floor without control; pix  is the peak acceleration of the 

ith floor with regenerative TMD; 75p ox  is the peak acceleration of the 75th floor without 

control; 76px  is the peak displacement response of the 76th floor with regenerative 

TMD; and 76p ox  is the peak displacement without control. 

5.4.3 Numerical Results 

This section presents the numerical results of the full-scale 76-story benchmark building 

equipped with regenerative TMD, with respect to the circuit characteristics, vibration 

control performance, and energy-harvesting performance. 

5.4.3.1 Circuit Characteristics 

Figure 5.16 (a) shows the peak and mean voltages of the rectifier output port. As shown 

in Figure 5.16 (a), the peak voltage and the mean voltage of the rectifier output port 

vary from 35.4 V to 676.9 V and from 10.8 V to 280.5 V, corresponding to mean wind 

speeds from 4 m/s to 25 m/s, respectively. As indicated in Equation (2.31), the 

operation mode of the buck-boost converter of performance optimization circuit is 

determined by the rectifier output voltage. Given the higher switching frequency of the 

converter (10 kHz) compared with the structural responses (f1 = 0.158 Hz), the converter 

would respond to the transient voltage of the rectifier output port. When the peak voltage 

of the rectifier output port (i.e., rectifier voltage Urect) is below the threshold voltage of 
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324 V, the converter operates in DCM; whereas the converter operates in CCM when 

Urect is higher than the threshold. As a result, the converter operates in DCM between the 

mean wind speeds of 4 m/s and 12 m/s, as shown in Figure 5.16 (b). In addition, the 

buck-boost converter operates in CCM occasionally when the mean wind speed is >12 

m/s. However, as shown in Figure 5.16 (b), DCM dominates in the converter operation 

mode up to 90.1% to 99.9% of time within the mean wind speed from 12 to 16 m/s.  

 

The percentage of time between DCM and CCM operation mode will significantly affect 

the average input resistance of circuit. The variation of the average input resistance would 

affect both the control effect and the energy-harvesting performance in terms of EM 

damping, output power, and efficiency. As shown in Figure 5.17, CCM operation mode 

results in a decrease in input resistance, which is consistent with the prediction of 

Equation (2.35). On the other hand, too low rectifier voltage Urect also results in a high 

input resistance because the converter cannot work properly in this case. Consequently, 

between the mean wind speeds of 7 m/s and 16 m/s, the average input resistance of the 

circuit is close to the target resistance (14.1 Ω), as shown in Figure 5.17. The mean wind 

speeds range is the optimum range for the regenerative TMD with regard to average input 

resistance.  

 

 

(a)Voltage of rectifier output port     (b) Percentage of DCM/CCM operation 

Figure 5.16 Peak/ RMS voltage of rectifier output port and percentage of DCM/CCM 

operation 
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Figure 5.17 Average input resistance of circuit varies with mean wind speed 

5.4.3.2 Vibration Control Performance 

Similar to conventional TMD, the regenerative TMD is also a passive device. However, 

the damping coefficient of the regenerative TMD varies under different vibration levels. 

The equivalent damping coefficient of the Coulomb damping force (friction force), 

which is part of parasitic damping, would decrease with the increasing vibration 

amplitude (Equation (2.6)). On the other hand, the EM damping coefficient would 

change with average input resistance. 

 

Figure 5.18 shows that the parasitic, EM, and total damping coefficients of EM damper 

vary with increasing mean wind speed. Given that higher mean wind speeds result in 

larger vibration amplitudes, the equivalent parasitic damping coefficient decays because 

the friction effect is attenuated (Equation (2.6)). The parasitic damping coefficient Cp 

declines rapidly in the mean wind speed ranging from 4 m/s to 10 m/s, and then 

gradually decreases with the increase in mean wind speed, as shown in Figure 5.18. EM 

damping Cem intrinsically depends on the average input resistance variation under 

different mean wind speeds. In the wind speed range from 7 m/s to 12 m/s, the 

buck-boost converter of performance optimization circuit operated in DCM mode; as 

such, the average input resistance of the circuit remains approximately constant. Hence, 

a narrow platform segment of Cem can be seen in Figure 5.18. However, if the mean 

wind speed exceeds 12 m/s, the buck-boost operates in CCM mode within a portion of 

time and the average input resistance keeps decreasing, thus resulting in a dramatic 
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increase in EM damping. The total damping coefficient of the regenerative TMD, Cd, is 

the sum of parasitic damping Cp and EM damping Cem. The resultant total damping 

coefficient Cd of regenerative TMD varies from 63.4 to 71.2 kN·s/m, which becomes 

close to the optimum value of 69.54 kN·s/m, in the mean wind speed ranging from 7 to 

16 m/s. Notably, the increment of EM damping is partially compensated by the 

decrement of parasitic damping. As a result, the total damping coefficient Cd is still near 

the optimum value when the mean wind speed exceeds 16 m/s.  

 

 

Figure 5.18 Damping coefficients varies with mean wind speed 

 

Figure 5.19 shows the control performance indexes defined by Equation (5.13). When 

the mean wind speed ranges from 4 to 25 m/s, the control performance indexes J3, J7, 

and J9, except J1, imply that the regenerative TMD  [connected to the performance 

optimization circuit or constant resistor (14.1 Ω)] achieves slightly better vibration 

mitigation performance than optimal TMD with viscous damping. This phenomenon 

might contribute to the positive effect of friction on vibration control. In addition, 

Figure 5.19 indicates that the control performance of passive TMD is not sensitive to its 

damping ratio. For instance, the damping ratio of regenerative TMD connected to the 

performance optimization circuit varies from 6.4% to 9.33% when the mean wind speed 

varies from 4 m/s to 25 m/s; however, the variation of the control performance index is 

less than 4%. 
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regenerative TMD. In addition, the control effect of the RMS structural response by the 

regenerative TMD is nearly identical to that of constant resistor case (Rload = 14.1 Ω). 

Overall, vibration mitigation performance of the regenerative TMD was comparable 

with that of the optimal TMD. 

 

 

(a) Acceleration       (b) displacement 

Figure 5.20 Structural top floor displacement/acceleration responses with and without 

control (mean wind speed 12 m/s) 

 

  

(b) Acceleration       (b) Displacement 

Figure 5.21 Root-mean-square (RMS) structural acceleration/displacement responses 

with and without control (mean wind speed 12 m/s, POC: performance optimization 

circuit) 
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Figure 5.22 Fourier spectra of the structural top floor acceleration responses with and 

without control (mean wind speed of 12 m/s; EMDEH device connected to the 

performance optimization circuit) 

 

In the frequency domain, the amplitude of acceleration Fourier spectrum of the without 

control case was reduced by ratios of 77.3% and 76.3% by the optimal TMD and 

regenerative TMD with the performance optimization circuit, respectively (Figure 5.22). 

This result indicates that the control effect of regenerative TMD and conventional TMD 

are quite close in the first mode. However, nearly no control effect was observed in the 

higher modes. Given the limited contribution to the responses of the higher mode under 

wind excitation in this case, the single-mode control can guarantee the overall control 

performance. 

5.4.3.3 Energy Harvesting Performance 

In this section, only the numerical results of regenerative TMD connected with the 

performance optimization circuit are presented. Figure 5.23 shows the variation of the 

output power of regenerative TMD under across-wind excitations with different mean 

wind speeds. The cut-in wind speed for electrical power generation is 4 m/s, as shown 

in Figure 5.23. Under across-wind excitations, the regenerative TMD generates a large 

amount of electrical power because of its large mass and large windward surface. The 

output power is 2.3 W to 60.7 W in the mean wind speed range of 4 m/s to 7 m/s, and 

108.6 W to 604.7 W in the mean wind speed range of 8 m/s to 12 m/s, respectively. If 

the mean wind speed is >14 m/s, then the output power from regenerative TMD is up to 
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kWs; and its value is 51.7 kW in the extreme wind load condition (40 m/s), more details 

are shown in Table 5.6.  

 

 

Figure 5.23 Output power varies with mean wind speed  

 

 

Figure 5.24 Energy harvesting efficiencies varies with mean wind speed 

 

Efficiency is another concern of energy harvesting. Harvesting efficiency is the product 

of the three energy conversion coefficients, η1, η2, and η3. The former two energy 

conversion coefficients η1 and η2 depend on the equivalent parasitic damping coefficient 

Cp and the average input resistance Rin of the performance optimization circuit. The 

electromechanical coupling coefficient η1 is equal to Cem/(Cem+Cp) [Equation 2.20(a)]. 

A high electromechanical coupling coefficient benefits both energy harvesting and 

vibration mitigation. Cp continuously decreases to reach the asymptotic value (viscous 
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damping coefficient of parasitic damping, cm) with the increase in vibration amplitudes 

or mean wind speeds. Second, Cem increases due to the decreases in Rin with mean wind 

speed, except in the mean wind speed of 8 to 12 m/s [see Figure 5.18]. As a result, η1 

keeps increasing with the increase in mean wind speed, as shown in Figure 5.24. The 

efficiency of EM damper η2 is equal to Rload/(Rcoil+Rload) [Equation 2.20(b), Rload=Rin in 

this case]; as such, to understand precisely the η2 variation trend. Given that the average 

input resistance Rin cannot maintain the optimal value when the buck-boost converter of 

the performance optimization circuit is operated in CCM mode, η2 decreases when the 

mean wind speed is >12 m/s. The efficiency of the performance optimization circuit in 

this numerical study is η3, which depends on the current (or power) flowing through the 

circuit. We observed that η3 maintains a high efficiency value fluctuating from 65.7% to 

79.9% in the wind speed range of 6 m/s to 25 m/s except in the low mean wind speed of 

4 to 5 m/s. As a consequence, the harvesting efficiency η of regenerative TMD 

dramatically increases from 12.8% to 35.9% in the mean wind speed range from 4 m/s 

to 7 m/s, and then retains high efficiency within the mean wind speed ranging from 7 to 

25 m/s, as shown in Figure 5.24. The numerical results suggest that the regenerative 

TMD can efficiently harvest the vibration energy of high-rising building subjected to 

across-wind excitations within a wide mean wind speed range. 

 

Table 5.6 Output power and efficiencies of regenerative TMD connected to performance 

optimization circuit under different mean wind speeds 

Wind speed
(m/s) 

Pout 
(W) 

η 
(%) 

η1 
(%) 

η2 
(%) 

η3 
(%) 

4 2.3 12.8 38.2 82.3 40.8 
5 10.7 25.1 51.3 78.7 62.2 
6 28.9 32.2 59.4 78.0 69.5 
7 60.1 35.9 64.5 76.7 72.7 
8 108.6 37.9 68.0 75.4 73.9 

10 281.90 40.5 70.6 75.7 75.7 
12 604.7 42.0 72.1 75.7 77.0 
14 1164. 3 43.3 74.4 73.5 79.1 
16 1982.8 43.1 76.5 70.5 79.9 
18 3123.2 42.1 78.1 67.6 79.8 
20 4650.2 40.9 79.7 64.7 79.4 
25 10439.9 36.8 82.7 58.1 76.6 
30 19546.5 32.7 84.5 53.3 72.7 
40 51678.2 27.0 86.4 47.7 65.7 
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5.4.4 Discussions on Numerical Study 

The goal of this benchmark numerical study is to assess the potential output power and 

corresponding efficiency of regenerative TMD using a performance optimization circuit 

(DCM buck-boost converter). A simple assessment of the potential energy-harvesting 

capacity using regenerative TMD has been conducted by other researchers (Ni et al. 

2011). However, this study emphasizes on the dual-objective optimization 

problem—achieving optimal vibration mitigation and optimal energy harvesting 

simultaneously. The two objectives both correspond to the average input resistance of 

the buck-boost converter used in the performance optimization circuit, which determine 

the EM damping and harvesting efficiencies. The average input resistance of the 

performance optimization circuit has been demonstrated to be approximately constant 

when operated in DCM mode. A properly designed circuit can retain optimum input 

resistance approximately within a wide mean wind speed range (from 7 to 16 m/s in this 

study). On the other hand, the vibration control performance of regenerative TMD is 

almost consistent in a wide range of damping ratios (from 6.4% to 9.33% in this study). 

The numerical results demonstrate the robustness of regenerative TMD for vibration 

mitigation with regard to different mean wind speeds. However, the amplitude- 

dependent feature of parasitic damping coefficient Cp due to Coulomb damping effect 

makes the optimal design more difficult. To achieve an optimally designed regenerative 

TMD, smaller Coulomb damping is of interest.  

 

The output power of the regenerative TMD is sensitive to the mean wind speed. As a 

result, in low wind speed conditions of 4 m/s to 14 m/s, the output power is only 2.3 W 

to 1164.3 W. The output power in the low wind speed range is enough to power dozens 

of wireless sensors or the early alarm system. Moreover, under extreme load conditions, 

such as under mean wind speed of 40 m/s, the output power of the regenerative TMD is 

up to approximately 51.7 kWs, which is huge and can certainly power the monitoring 

system in the same building.  

 

Benchmark numerical studies show that only 35.9% to 43.3% of total damping power 

can be harvested even in the wind speed range of 7 m/s to 25 m/s, suggesting that 

majority of the damping power of the regenerative TMD is dissipated and transferred to 
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heat. Given that the input power to the structure (called excitation power) is equal to the 

damping power of TMD and the structural inherent damping mechanism under 

stationary vibration process, the harvested electrical power is much less than the 

excitation power. 

5.5 Summary 

The applicability of the regenerative TMD in high-rise buildings was investigated via a 

single-story frame shaking table test and a wind-excited 76-story benchmark building 

simulation. Proof-of-concept tests of a single-story frame equipped with the 

regenerative TMD were performed on a shaking table subjected to random ground 

motions. Experimental results under random ground motions illustrate that the 

regenerative TMD can effectively suppress the structural vibration and successfully 

power an Imote2 wireless sensor that monitors the dynamic response of the structure. 

The structural responses (displacement and acceleration) were considerably reduced by 

49.6% to 65.8% under the control of the regenerative TMD with a mass ratio of 3.33%. 

Under ground motion levels of 0.03 and 0.05 g (RMS), the average output power is 68.9 

and 339.9 mW, respectively, using a commercial voltage-mode controlled buck-boost 

converter (circuit B). A slightly nonlinear behavior in the damping, control performance, 

and harvesting efficiency could be noted by comparing the experimental results under 

the two different ground motion levels. 

 

The full-scale numerical study further demonstrates its feasibility and performance. The 

performance optimization circuit was adopted in the regenerative TMD design in the 

numerical study. The numerical results illustrate that the control effect of regenerative 

TMD is comparable to conventional optimal passive TMD, and a large amount of 

electric power is harvested, which depends on the mass of the regenerative TMD and 

wind speeds. Generally, excited by the across-wind fluctuating loads, the regenerative 

TMD (500 ton) in the benchmark building generates tens of watts in the mean wind 

speed range of 4 m/s to 7 m/s, hundreds of watts in the mean wind speed range of 8 m/s 

to 12 m/s, and >1 kW when mean wind speed is >14 m/s. The harvesting efficiency is 

also amplitude-dependent or wind speed-dependent, however, relatively stable. The 

proposed regenerative TMD achieves high efficiency, from 35.9% to 43.3%, within a 
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wide mean wind speed range of 7 to 25 m/s. These data demonstrate the promising 

prospect of applying the proposed regenerative TMD in real-world civil structures. 

 

The case studies of the regenerative TMD also numerically validate the general 

consistency between vibration control and energy harvesting presented in Chapter 4. 

The optimal design of a conventional passive TMD (including optimal frequency ratio 

and damping ratio) can also be applied in the design of a regenerative TMD to optimize 

vibration control and energy harvesting performance. Increasing the TMD mass will 

theoretically increase and decrease excitation power under seismic motions and wind 

loads, respectively. Considering the typically small mass ratio of TMD, this effect will 

not be significant. However, the effective damping ratio of the structure-TMD system 

can be effectively enhanced by increasing the mass ratio, and consequently the output 

power of regenerative TMD will be significantly increased according to Equations (4.16) 

and (4.49). Once the TMD parameters are determined, the performance optimization 

circuit can be adopted in the regenerative TMD design to achieve both optimal vibration 

control and energy harvesting performance simultaneously. 
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Chapter 6 EMDEH Devices for Bridge Stay 

Cables 

 

 

 

6.1 Introduction 

Stay cables are critical load-carrying elements in long-span cable-stayed bridges and are 

often vulnerable to excessive vibration under wind excitations because of their inherent 

low damping and high flexibility. Passive dampers are usually employed to enhance 

their damping to avoid excessive vibrations, such as wind-rain-induced vibration. When 

using the EMDEH devices to replace the conventional passive dampers, the harmful 

vibrations can be suppressed and the vibration energy of the stay cable can be 

simultaneously harvested. The harvested electric power can serve as the power supply 

of the wireless sensors which monitor the behaviors of the stay cable. 

 

However, some issues remain unaddressed with regard to simultaneous vibration control 

and energy harvesting in bridge stay cables. These issues include energy harvesting 

performance at low vibration frequencies, vibration control performance, and 

optimization of the system given dual objectives. 

 

Therefore, this chapter investigates the application of the novel EMDEH device to real 

stay cables through scaled cable model testing and full-scale stay cable simulation. First, 

a scaled stay cable model with the EMDEH device was tested in the laboratory. The 

proposed design methodology of the EMDEH device using a performance optimization 

circuit presented in Chapter 4 was validated through the scaled cable model testing. In 

particular, the optimal load resistance to achieve the maximum output power and the 

maximum harvesting efficiency were investigated through a simplified circuit 

consisting of a rectifier connected to a constant resistor. The optimal damping for a 

specific vibration mode was also evaluated by the acceleration responses of the stay 
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cable considering different resistance values. Based on the results, a performance 

optimization circuit was designed to match the optimal load resistance for both energy 

harvesting and vibration control. The vibration control and energy harvesting 

performances of the EMDEH device with the performance optimization circuit were 

investigated through both sine sweep vibration test and random vibration test. The 

performances of EMDEH device with the proposed performance optimization circuit 

were compared to that of the SEHC circuit.  

 

Furthermore, the vibration control and energy harvesting performance of EMDEH 

devices are assessed through the numerical study of a full-scale bridge stay cable 

equipped with EMDEH device under actual wind excitation. A coupled dynamic model 

consisting of a stay cable, EM damper, and energy harvesting circuit is built and analyzed 

using the MATLAB Simulink toolbox. The vibration reduction, output power, and 

harvesting efficiency of EMDEH device at full scale are evaluated at different wind 

speeds. The start-up wind speed and the optimal wind speed range for the EMDEH 

device are determined based on the simulation results. Some of the possible limitations 

of EMDEH device are also identified in the discussions. The results of this study clearly 

demonstrate the effectiveness and advantage of EMDEH in stay cable applications. 

6.2 Dynamics of Stay Cables 

6.2.1 State Space Model 

,1wF ,2wF ,3wF ,w iF , 1w nF  ,w nF

 

Figure 6.1 Discretized model of a stay cable equipped with a passive damper 

 

Figure 6.1 shows a discretized model of a stay cable. A state space model is established 
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for dynamic time history analyses of stay cables under wind excitation, 
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In the above equations, x denotes N-dimensional state vector; u denotes s-dimensional  

system input vector; y denotes r-dimensional system output vector; the A , B , and C

matrices, known as the system state-space representation, are real constant matrices of 

appropriate dimensions ( A is N×N, B  is N×s, and C is r×N); and M , K , D  are 

the n×n mass, stiffness and damping matrices, respectively. The dimension of the state 

vector is twice the number of degrees of freedom of the structure, i.e., N=2n. The input 

matrix oB  is n × s, which defines the locations of external loads. The output 

displacement matrix oqC is r×n, and the output velocity matrix ovC  is r×n.  

 

The M , K , and D  matrices considering cable sag can be generated through finite 

difference (FD) formulation (Mehrabi and Tabatabai 1998): 
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where mi is the mass per unit length at node i. 
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The components in Equation (6.3b) under fixed end condition are given by 
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where a, EIi, and H are the element length, bending stiffness of the ith element, and 

horizontal component of cable tension force, respectively. 

 

In addition, the K can be calculated by: 
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where: 

 

1 2

1 2

, 1 , , 1
2

3/22

, 1 , 1

1

, 1 , , 1

2

2

1
2

2

T
i n

T
i n

sp i sp i sp i

i

sp i sp i

n

i i

sp i sp i sp i
i

r r r r

s s s s

y y y

ar
y y

a

EA

y y y
s

a

 

 



 





 


  

  
   

 




r

s

 

 

 (6.3e) 

in which the static profile of cable ysp can be solved by the following equation: 

 ,sp g K y m  (6.3f) 

where  and g denote the nodal mass vector and acceleration of gravity, respectively. 
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The inherent damping matrix is given by: 

 
1 1,

n n
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in which the modal damping matrix can be calculated by 
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where n , n  and nM  are the modal damping ratio, natural circular frequency, and 

modal mass of the mode n , respectively, and  is the modal matrix normalized with 

respective to M .  

 

In the above formulation, the input vector u  should be normalized to force per unit 

length. The connection to EMDEH adds more damping to the cable, which will be 

simulated by the numerical model of a cable-EMDEH coupled system built in the 

MATLAB Simulink environment. 

6.2.2 Optimal Damping 

The passive damper can effectively enhance the modal damping ratios of the stay cable 

and avoid aerodynamic stability problems. If a classical viscous damper is installed, 

then an optimal damping coefficient that maximizes the modal damping ratio and 

control performance for a specific vibration mode of the stay cable exists. Kovacs (1982) 

presented the optimal design of viscous dampers for a stay cable as 

  
1

, ,
2opt i

c

ml
C

i x l




  (6.5) 

in which the subscript indicates the ith specific vibration mode of interest, m is the mass 

per unit length of the cable, l is the cable length, ω1 is the fundamental circular frequency, 

xc is the distance from the damper to the cable anchorage, and Copt,i is the optimal 

damping coefficient for the ith mode.  

 

In practice, damper installation is constrained within a close distance (0.01l to 0.05l) from 

the cable end. Equation (6.5) implies that the passive damper can be optimized only for a 
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specific vibration mode. A low vibration mode of the cable is often selected because of its 

significant contribution to the wind-induced vibrations of stay cables. In addition, many 

other researchers proposed the optimal damping coefficient for the passive viscous 

damper (Yoneda and Maeda 1989; Uno et al. 1991; Krenk and Høgsberg 2005; 

Christenson et al. 2006). Table 6.1 presents the optimal damping coefficient formulas 

and their corresponding modal damping ratios proposed by the aforementioned 

researchers. 

 

Table 6.1 Optimal damping coefficient and maximum modal damping ratio 

 

6.3 Configurations of EMDEH Device for Bridge Stay Cables 

As shown in Figure 6.1, an EMDEH device for bridge stay cables consists of a properly 

designed EM damper and an energy harvesting circuit. A linear permanent magnet 

motor can serve as the EM damper in the EMDEH device for stay cables. A three-phase 

alternator incorporated into a linear-to-rotational motion converter can also be used as 

the EM damper, if larger damping force is required. The energy harvesting circuit has a 

key role in the EMDEH device, which can not only provide optimal damping for 

vibration mitigation but also maintain the optimal working point for energy harvesting. 

The performance optimization circuit using a DCM buck-boost converter is employed 

to achieve maximum output power and harvesting efficiency. Simultaneously, the 
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average input resistance of the DCM buck-boost converter should match the optimal 

load resistance to obtain the optimal damping coefficient for a specific vibration mode. 

In some situations, the selection of EM damper and its corresponding parameters of the 

performance optimization circuit may involve the trade-off between energy harvesting 

and vibration control. Optimal vibration control performance and energy harvesting 

performance can be simultaneously achieved if the parameters are properly designed. 

6.4 Test of a Scaled Stay Cable with EMDEH Device 

6.4.1 Experimental Setup 

A 5.85 m-long scaled stay cable was employed in this experimental study. Table 6.2 

shows the main parameters of the scaled stay cable model. Lumped masses at 90 mm 

intervals were arranged along the steel cable to simulate an appropriate mass density. A 

constant tension force (960 N) measured by a load cell (model no.: HONRE S314-2T) 

in the lower anchorage was applied to the scaled stay cable in this experimental study. 

The fundamental frequency of the scaled stay cable is 4.086 Hz, and the natural 

frequencies of the first six modes are shown in Table 6.3. A corresponding analytical 

model with 200 uniformly spaced segments using finite difference formulation 

(Mehrabi and Tabatabai 1998) described in Section 6.2.1 was established. All the 

parameters were set according to the values shown in Table 6.2. The calculated natural 

frequencies are consistent with the measured ones (Table 6.3). 

 

Table 6.2 Main parameters of scaled stay cable and EM damper 

 

 

 

Item of cable Value Item of EM damper Value 

Mass per unit length, m 0.442 kg/m Machine constant 38.0 V·s/m or N/A
Cable length, l 5.85 m Coil resistance 9.3 Ω 

Inclination 15.5° Diameter of damper 95.3 mm 
Static tension force 980 N Length of damper 45.2 mm 

Diameter 4 mm Moving mass of damper 0.443 kg 
Cross-sectional area 7.28 mm2 Location of damper 0.05l 
Young’s modulus 8.242×104 MPa   

Axial stiffness 6×105 N   
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Table 6.3 Measured and computed natural frequencies of scaled stay cable 

Measured  frequency 
(Hz) 

FD modeling 
(Hz) 

Difference 
(%) 

4.086 4.089 0.07 
8.050 8.057 0.09 

12.081 12.096 0.12 
/ 16.142 / 

20.230 20.204 0.13 
24.352 24.282 0.29 

 

 

Figure 6.2 Schematic of cable vibration test setup 
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Figure 6.2 shows the test setup of the scaled stay cable vibration test with EMDEH 

device. This scaled stay cable vibration test uses the LDS V406 permanent magnet 

shaker (model no.: V406-M4-CE), which was installed at the location of 0.019l away 

from the higher anchorage, to generate the exciting forces [Figure 6.2]. A digital signal 

generator (model no.: B&K 3160-B-022) generates sine sweep and random signals and 

feeds them into the power amplifier (model no.: PO 300) that drives the shaker. 

Therefore, the desired excitations can be controlled by the signal generator. A mini 

piezoelectric force transducer (BK 8200) was arranged between the shaker and cable to 

measure the input force. The displacement of the shaker was also measured by the laser 

displacement sensor. The acceleration responses of the cable in the locations of 0.25l, 

0.5l, and 0.75l were measured by miniature accelerometers (K&B 4374) for evaluating 

the vibration control performance. 

 

Figure 6.3(a) shows the picture of the cable vibration test setup. An EM damper 

(Kem=38 V·s/m or N/A, Rcoil=9.3 Ω.) presented in Section 3.2.2 was installed at the 

location of 0.05l (30 cm) away from the lower anchorage for simultaneous vibration 

control and energy harvesting [Figure 6.3(b)]. EM damper force, acceleration response 

and displacement response were measured as shown in Figure 3.15. Three types of 

circuits were employed as the energy harvesting circuit, as describing as following: 

Resistor circuit: constant resistors connected to the full-wave bridge rectifier, 

representing a general energy harvesting circuit [Figure 6.3(c)]. Resistor emulates the 

performance optimization circuit that is essentially a resistive circuit. The objective of 

this test is to evaluate the optimal resistance for vibration control and energy harvesting, 

respectively, which provides reference to the performance optimization circuit design. 

Since the performance optimization circuit may induce power consumption and likely 

variation in input load resistance, the case with stable optimal resistor represents the 

maximum achievable output power and harvesting efficiency. It also provides a baseline 

for evaluating the performance of the SEHC circuit as well as the designed performance 

optimization circuit. 

SEHC circuit: Figure 6.3(d) shows the SEHC circuit using a full-wave bridge 

rectifier and a supercapacitor (5.2 F, two supercapacitors in series). A 0.05-Ω 

high-precision resistor was connected in series with the supercapacitor for current 

measurement. The vibration control and energy harvesting performance of the SEHC 
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For measurements, a KYOWA EDX-100A data acquisition system [Figure 6.3(f)] was 

used to collect all the responses, including voltages and currents of interest in the three 

circuits; the acceleration responses of cable; forces and displacements of the exciter and 

damper [Figure 6.2]. All the responses were collected with a sampling frequency of 500 

Hz. A low-pass analog filter was applied with a cutoff frequency of 100 Hz. 

6.4.2 Test Scenarios 

A series of test scenarios were set in this scaled stay cable model experimental study to 

validate the performance of the EMDEH device. Table 6.4 shows the testing scenarios, 

in which the three types of circuits were systematically tested in this study. Sine sweep 

excitations and random excitations were applied to the scaled cable model at the 

location of 0.019l away from the higher anchorage. The frequency range of the sine 

sweep excitations correspond to the first five modes (Table 6.4), and the frequency 

range (0 Hz to 25 Hz) of the random excitations covers the first six modes of the cable 

model. Figure 6.4(a) shows a typical time history of random excitation. Figure 6.4(b) 

shows the corresponding Fourier spectrum of the random excitation, which reveals that 

the actual random excitation approximately ranges from 1 Hz to 28 Hz. 

 

 

  

(a) Time history        (b) Fourier spectrum 

Figure 6.4 Typical random excitation input (0-25 Hz) to the stay cable at 0.019l away 

from the higher anchorage (RMS: 9 N) 
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Table 6.4 Scenarios of scaled stay cable vibration testing 

 

6.4.3 Test Results of Resistor Cases 

This section presents the testing results of resistor cases, with respect to the optimal load 

resistance for vibration control and energy harvesting, respectively. The designed 

average input resistance of the performance optimization circuit can be justified via the 

test results of the resistor case.  

6.4.3.1 Optimal Load Resistance for Vibration Control 

The damping coefficient of the passive damper is the main parameter to determine its 

Circuit Excitation type Freq  

range  

(Hz) 

Sweep 

rate 

(Hz/s)

Peak 

force

(N) 

RMS  

force  

(N) 

Circuit 

parameter 

 

 

 

Resistor 

Circuit 

Sine sweep, mode 1 3.9–4.2 0.05 16.4 8.6 1 Ω, 2 Ω, 4 Ω, 
6 Ω, 8 Ω, 10 
Ω, 14 Ω, 18 Ω, 
20 Ω, 22 Ω, 24 
Ω, 26 Ω, 28 Ω, 
30 Ω, 32 Ω, 34 
Ω, 40 Ω, 50 Ω, 
60 Ω, 70 Ω, 80 
Ω, 100 Ω, 120 
Ω, 150 Ω 

Sine sweep, mode 2 7.7–8.1 0.05 20.0 11.8 

Sine sweep, mode 3 11.9–12.3 0.05 20.0 12.2 

Sine sweep, mode 4 15.9–16.3 0.05 17.2 11.0 

Sine sweep, mode 5 19.9–20.2 0.05 19.5 10.8 
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control performance. Consequently, determining the optimal damping coefficients for 

different vibration modes of the cable model is the major concern for passive vibration 

control using an EMDEH device. A series of vibration tests of cable models with the 

EM damper connected with a rectifier and different resistors (Table 6.4) were conducted 

for determining the optimal load resistances and corresponding damping coefficients for 

the first three modes. 

 

 

Figure 6.5 Typical displacement–force curves of EM damper in resistor circuit cases 

 

Figure 6.5 shows the force–displacement relation, which demonstrates the mass effect 

on the damper force. The mass effect increases the damping efficiency (Krenk and 

Høgsberg 2005) and offers a higher attainable modal damping ratio if the corresponding 

damping coefficient is optimally set. The principle of the mass effect is that the inertial 

force acts in the opposite phase with displacement and results in a phase lead of damper 

force to the velocity. The mass effect would be small in low-frequency vibration and 

large in high-frequency vibration. Figure 6.5 shows that the negative slope increases as 

the vibration mode was changed from mode 1 to mode 3. Notably, the mass of the coils 

assembly (0.443 kg) (the moving part of the linear EM damper) is relatively large 

compared with the lumped mass of cable model, and the modal frequencies are 

relatively high compared with the full-scale stay cable’s frequencies. While the damper 

is attached to the full-scale stay cable, its mass effect is usually small because of the 

lower relative mass and lower vibration frequency. However, the mass effect is apparent 

in this experimental study. Consequently, damping coefficient identification should 

−1.5 −1 −0.5 0 0.5 1 1.5
−8

−6

−4

−2

0

2

4

6

8

Displacement (mm)

D
am

pe
r 

fo
rc

e 
(N

)

Mode 1, 4 Hz

Mode 3, 12 Hz 



Chapter 6 EMDEH Devices for Bridge Stay Cables 

 

167 

 

subtract the inertial force from the original damper force time history. After subtracting 

the inertial force, the pure damping force time histories were obtained. Then, the 

damping coefficients were identified by the force–velocity curves using a simple linear 

regression method. Figure 6.6 shows the identified and theoretical total damping 

coefficients in the random vibration cases (RMS force of 9.0 N). The EM damping (Cem) 

and total damping coefficient (Cem+ Cp) of the EM damper decreases with the increasing 

load resistance Rload connected to the rectifier. In addition, as revealed in Equation 

(2.53), the equivalent resistance Req is the sum of load resistance Rload (or average input 

resistance Rin) and the equivalent resistance of the rectifier Req,diode. The mean current 

flowing through the rectifier varies from 0.0082 A to 0.064 A under random excitation 

(RMS force of 9.0 N), as a result, the equivalent resistance of the rectifier Req,diode 

cannot be ignored in this experimental study. Given the relatively low input current 

level, the forward voltage drop effect (i.e. Req,diode) on the EM damping calculation 

should be involved. The identified total damping coefficients by the measured damping 

force–velocity curves matches well with the predicted ones using Equation (2.55), with 

considering the forward voltage drops [Equation (2.53)]. 

 

 

Figure 6.6 Comparison between identified and theoretical total damping coefficients in 

random vibration cases (resistor circuit [Figure 6.3(c)], force level: RMS of 9.0 N, Cp of 

32.4 N·s/m) 
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Figure 6.7 Plots of acceleration control effect vs. load resistance [Mode 2, Ropt,C = 10 Ω, 

Copt,2 = 80.5 N·s/m] 

 

Table 6.5 Optimal load resistance and damping coefficients for cable vibration control 

Mode 

no. 

Freq 

(Hz) 

Ropt 

(Ω) 

Copt,m
1 

(N·s/m)

Copt,t
2

(N·s/m) 

Kovacs 

Copt,t 

(N·s/m) 

Pacheco

Copt,t 

(N·s/m) 

Yoneda 

Copt,t 

(N·s/m) 

Uno 

Copt,t 

(N·s/m) 

Krenk 

1 4.086 1 112.1 186.9 117.4 119.3 119.3 127.8 

2 8.050 10 80.5 93.5 58.7 61.2 59.7 64.9 

3 12.081 150 39.4 62.3 39.1 42.5 39.8 43.2 

1. Copt,m: measured optimal damping coefficient; 

2. Copt,t: theoretical optimal damping coefficient. 

 

According to the parameters of the scaled cable model and the EM damper, the EMDEH 

device is set to be optimal for vibration mode 2. Figure 6.7 shows that the RMS 

acceleration responses measured at the span of 0.25l and 0.75l vary with the load 

resistances when the cable is subjected to sine sweep excitation (7.7-8.1 Hz) 

corresponding to vibration mode 2. The optimal load resistance of mode 2 is 10 Ω, 

which corresponds to the optimal damping coefficient 80.5 N·s/m. The measured 

optimal damping coefficient of mode 2 is less than the predicted value by Kovacs’ 

solution but greater than those of the other four predicted values in Table 6.5. The mass 

effect of the EM damper would lead to a slightly smaller optimal damping coefficient 

compared with the classical viscous damper (Krenk and Høgsberg 2005). The optimal 

load resistances and corresponding damping coefficients of mode 1 and mode 3 are 
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shown in the Table 6.5.  

6.4.3.2 Optimal Load Resistance for Energy Harvesting 

Figure 6.8 (a) and (b) shows the normalized output power vs. load resistance curve 

(normalized power-resistance curve) and normalized harvesting efficiency vs. load 

resistance curve (normalized efficiency–resistance curve), respectively. The output 

power and harvesting efficiency were normalized with the maximum output power 

value and the maximum harvesting efficiency value of all cases, respectively. Thus, both 

the normalized output powers and normalized efficiencies vary between 0 and 1. The 

normalized power-resistance points with different load resistances from 1 Ω to 150 Ω 

form a same curve approximately [Figure 6.8(a)]. In addition, theoretical harvesting 

efficiency varying with different load resistance was calculated by Equation (2.20c) 

using a typical parasitic damping coefficient (Cp=32.4 N·s/m) and then was normalized 

with the theoretical maximum value of 41.3%. The measured and theoretical normalized 

efficiency-resistance curves were shown in Figure 6.8(b). Good agreement between 

modeling by Equation (2.20c) and experimental results were obtained in normalized 

efficiency-resistance curves in different vibration modes and also random vibration 

cases [Figure 6.8(b)]. Furthermore, the shapes of the normalized power–resistance curve 

and the normalized efficiency–resistance curve are similar. This phenomenon implies 

that the overall damping power of the EM damper with different load resistances is 

relatively stable for a given force input. 

 

  

(a) Normalized power-resistance  (b) Normalized efficiency-resistance 

Figure 6.8 Normalized output power and harvesting efficiency vs. load resistance  

(dots: measured points) 
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Figures 6.8(a) and 6.8(b) demonstrate that the optimal load resistance for maintaining 

the maximum output power and maximum harvesting efficiency are identical 

approximately. The optimal load resistance for maximum output power and maximum 

harvesting efficiency ranges from 20 Ω to 30 Ω. The optimal load resistances predicted 

by Equation 2.23 locate in this optimal range.  

 

Table 6.6 shows the maximum output power and maximum harvesting efficiency and 

their corresponding load resistances in different vibration modes and random vibration 

cases. The maximum output power (i.e. the maximum gross output power in a practical 

energy harvesting circuit case) ranges from 9.6 to 98.8 mW, while the maximum 

harvesting efficiency (i.e.  in a practical energy harvesting circuit case) ranges 

from 21.4% to 39.2%. The results shown in Table 6.6 provide baselines to evaluate the 

energy-harvesting performance of EMDEH device with the performance optimization 

circuit. In general, the optimal load resistances for maximizing the output power and 

harvesting efficiency are consistent with each other. In the case of mode 2 (Sine sweep, 

7.7-8.1 Hz), the optimal load resistance for maximizing the output power and harvesting 

efficiency are also close. It is noted that the parasitic damping slightly varies for 

different vibration modes, which results in the different predicted values of optimal load 

resistance. The slight difference between the predicted optimal load resistance and 

measured optimal load resistance was observed, which may be due to the inaccuracy in 

the modeling and experimental measurement.  
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Table 6.6 Maximum output power and efficiency in resistor circuit cases 

 Force  

type 

Frequency 

(Hz) 

RMS 

force 

(N) 

maximum

Pout  

(mW) 

ηmax 

(%) 

η1 

(%) 

η2 

(%) 

Cp  

(N·s/m)

Ropt 

for 

Pout 

Ropt 

for 

η 

Theoretical 

Ropt for η 

(Ω) 

Sine sweep, mode 1 3.9–4.2 8.6 9.6 21.4 28.5 75.1 37.2 28 28 21.2 

Sine sweep, mode 2 7.7–8.1 11.8 55.7 27.5 36.6 75.1 36.0 30 28 21.4 

Sine sweep, mode 3 11.9–12.3 12.2 98.8 39.2 55.8 70.3 30.9 22 22 22.8 

Sine sweep, mode 4 15.9–16.3 11.0 85.4 30.0 40.8 73.7 30.7 26 26 22.9 

Sine sweep, mode 5 19.9–20.2 10.8 57.9 26.6 36.2 73.7 29.7 26 26 23.2 

Random 0–25 9.0 35.2 31.0 42.1 73.7 32.4 26 26 22.4 

Random 0–25 12.3 72.6 32.1 47.1 68.3 32.7 20 20 22.3 
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6.4.3.3 Discussions 

The testing data show that the measured optimal damping coefficients are slightly lower 

than the predicted ones using Kovacs’ solution (Kovacs 1982). The overall damper force 

of the EM damper contains an inertial effect. As a result, the optimal damping would be 

less than that of a classical viscous damper but offers a higher modal damping ratio. 

This phenomenon has been theoretically explained by the fractional viscous damping 

analysis (Krenk and Høgsberg 2005). Most notably, the damping power in each test case 

is relative stable with the change of the load resistance. 

 

The optimal load resistances for vibration control are different for different vibration 

modes, as shown in Table 6.5, which implies that the passive EMDEH device can only 

optimally control a single vibration mode with a relatively stable average input 

resistance setting of the performance optimization circuit. The stay cable vibration is 

usually dominated by the first few modes under wind excitation; consequently, the 

single-mode control feature of a passive EMDEH device would not significantly 

constrict its applicability like the conventional passive viscous damper. 

 

The designed average input resistance of the proposed performance optimization circuit 

is suboptimal for both vibration control and energy harvesting, as illustrated in the 

response-resistance curve, power-resistance curve and efficiency-resistance curve. The 

effectiveness of the proposed simple optimal design strategy is discussed in detail based 

on the test data of the performance optimization circuit case. 

6.4.4 Test Results of SEHC Circuit Cases 

In the test case with SEHC, the cable was tested under random excitation, as shown in 

Table 6.4. Figure 6.9 shows that the supercapacitor was successfully charged from 0.17 

V to 2.91 V over a duration of 2,200 s by the EMDEH device in a random vibration 

case (RMS of 12N).  
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Figure 6.9 Charging curve of the supercapacitor in random vibration case (RMS force of 

12 N, 0 Hz to 25 Hz) 

 

As analyzed in Section 2.7.1, the equivalent damping coefficient would decrease in the 

whole charging process, given that the input voltage is relatively stable. As a result, the 

dual-function EMDEH device using the SEHC circuit cannot offer a stable and optimal 

vibration control performance. As shown in Figure 6.10 (a), the acceleration FRF 

amplitude of mode 2 in 0.25l achieves the minimum (-1.5 dB) at the voltage stage of 

1-1.5 V. However, this control performance cannot be maintained, such as the 

acceleration FRF amplitude rises up to 1 dB at the voltage stage of 0.2-0.5 V. Figure 

6.10 (b) shows the acceleration FRF amplitude of mode 3 in 0.5l varies significantly 

from 1dB to 6.3dB with the change of supercapacitor voltage stage. Although a 

vibration reduction comparable to that of the optimal viscous damping case can be 

achieved in the supercapacitor charging process, such as 1 dB at the voltage stage of 

2.5-2.9 V, this optimal control performance cannot be maintained. The analytical and 

experimental results presented in Section 2.7 and Section 3.3.4 illustrate that the 

damping of the EMDEH device using SEHC is strong non-linear which depends on 

both supercapacitor voltage and open-circuit voltage of the damper. This non-linear 

damping feature results in a significant deviation from optimal damping and a 

degradation of control performance in the charging process, as observed in the Figure 

6.10.  
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(a) Mode 2, 0.25l      (b) Mode 3, 0.5l 

Figure 6.10 FRF of acceleration responses to exciting force varies with voltage of 

supercapacitor 

 

Figure 6.11 Time-varying output power of the EMDEH device using the SEHC circuit 

in the charging process (SEHC circuit: random vibration, RMS force of 12 N, 0 Hz to 

25 Hz; Resistor circuit: random vibration, RMS force of 12.5 N, 0 Hz to 25 Hz) 
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The output power also varies significantly in the charging process, as shown in Figure 

6.11. The output power in this case increases from 22 mW at a voltage of 0.3 V to its 

peak output power of 64 mW at a voltage of 1.8 V. Compared with the optimal resistor 

case (Pout=72.6 mW when Ropt=20 Ω), the peak output power of SEHC circuit case is 

lower, because the non-zero cut-in voltage of SEHC circuit makes its duty cycle less than 

1. It is noted that the output power may decrease down to zero if the supercapacitor is 

fully charged or its voltage is equal to the peak open-circuit voltage of the EMDEH 

device. Zero output power means the dual-function EMDEH device cannot harvest any 

damping power even though the vibration is sustained. Consequently, the 

energy-harvesting performance of the EMDEH device with the SEHC circuit is 

considerably unstable and non-linear in the charging process, even if the vibration level 

is stable.  

 

Furthermore, the supercapacitor cannot be directly used to power some electronic 

devices such as wireless sensors, and a second-stage power electronics circuit is needed 

to provide a stable voltage output. This second-stage power electronic circuit leads to 

additional power loss; as such, the effective output power and the overall efficiency of 

the whole application circuit assembly may be lower than the performance optimization 

circuit cases, even in the optimal operation range of SEHC circuit.  

 

The characteristics of an EMDEH device with a SEHC circuit are not only dependent on 

the varying voltage of supercapacitor in the charging process, but also dependent on the 

open-circuit voltages (or vibration levels). This fact will make the vibration control and 

energy harvesting performance of the EMDEH device with a SEHC circuit significantly 

unstable in real implementations. The worst situation is when the open-circuit voltage is 

lower than the supercapacitor voltage, no energy harvesting and EM damping will be 

provided by the EMDEH device. Therefore, the SEHC is not suitable to serve as an 

energy harvesting circuit for the dual-function EMDEH device in this study. 

6.4.5 Test Results of Performance Optimization Circuit Cases 

This section discusses the test results of performance optimization circuit cases, with 

respect to the input resistance of the circuit, vibration control performance, and 
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energy-harvesting performance. 

6.4.5.1 Input Resistance of Performance Optimization Circuit 

A performance optimization circuit (Figure 3.12) was designed for the EMDEH device 

used in the scaled cable vibration test by the proposed simple design strategy presented 

in Section 4.5. The detailed design of the performance optimization circuit, consisting 

of a full-wave rectifier and a DCM buck-boost converter, was presented in Section 3.2. 

The average input resistance was designed as 17.8 Ω (L = 68 µH, fsw = 32.768 kHz, d = 

0.5) to achieve suboptimal energy harvesting and offer suboptimal damping (68 N·s/m) 

for vibration mode 2 of the cable model. 

 

The effectiveness of the performance optimization circuit was evaluated using resistor 

circuit cases data. The designed average input resistance of the proposed performance 

optimization circuit (17.8 Ω) was marked in the Figure 6.7, which offers vibration 

control performance comparable to that of the optimal load resistance (10 Ω) case. 

According to the damping coefficient curve in resistor circuit cases shown in Figure 6.6, 

the designed damping coefficient of the EMDEH is 68 N·s/m, which is closed to the 

measured value (69.4 N·s/m) when the EMDEH device connected to the performance 

optimization circuit (Section 3.2.4). The designed average input resistance of the 

performance optimization circuit was also marked in Figure 6.8. With the average input 

resistance design for the performance optimization circuit, the EMDEH device can 

maintain a suboptimal harvesting efficiency, which is close to the maximum. In addition, 

the gross output power from the EM damper Pg is also close to the maximum output 

power in power-resistance curve [Figure 6.8]. The test results of EM damper connected 

to the resistor circuit demonstrate the effectiveness of the proposed simple design 

method for an EMDEH device with a performance optimization circuit. 

 

The rectifier output voltage would determine the operation mode of the buck-boost 

converter in the performance optimization circuit. Figure 6.12 shows the 

box-and-whisker plot of the output voltage for the rectifier. The rectifier output voltages 

increase with the vibration level. The peak voltage increases from 3.22 V to 6.17 V as 

the vibration level in mid-span increases from 9.9 m/s2 to 18.3 m/s2.  
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The other factor that causes the change of the average input resistance Rin is the 

operation mode transfer. The voltage threshold of buck-boost from DCM to CCM 

operation mode is 3.7 V given a duty cycle d of 0.5. When the rectifier voltage exceeds 

the threshold value (3.7 V), it transfers from DCM to CCM, which then results in a 

lower average input resistance (Equation 2.36). Equation 2.36 illustrates that the 

average input resistance is inversely proportional to the average rectifier current recti  

when the buck-boost converter operated in CCM mode. The rectifier current increases 

with the increasing vibration level, which leads to a decrease of the average input 

resistance. Given that the upper value of the box-and-whisker plot [Q3 + 1.5(Q3 − Q1)] is 

less than the threshold value in all vibration levels, most of time the buck-boost 

converter operates in DCM in random vibration cases.  

 

 

Figure 6.14 Average input resistance varies with vibration level of stay cable subjected 

to random excitations 

 

Another reason that may contribute to the change of average input resistance is that the 

ESR of a MOSFET (ESRmos) changes with on-state current flowing through it. Higher 

current (power) leads to lower ESRmos, thus resulting in a lower average input resistance 

of the buck-boost converter. Therefore, generally, for a non-ideal MOSFET, higher input 

power would lead to smaller Rin.  

 

Figure 6.14 shows that the average input resistance Rin of buck-boost varies from 25.8 

Ω to 16.6 Ω corresponding to vibration levels of 9.86 m/s2 to 18.32 m/s2 in mid-span. 
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Overall, although the input resistance of the buck-boost converter did not retain the 

constant design value (18 Ω), it did not diverge significantly from the design value in 

this test. 

6.4.5.2 Vibration Control Performance 

The EMDEH device with the performance optimization circuit was designed to provide 

suboptimal damping for the vibration mode 2 of the scaled cable model. Sine sweep 

excitations of the frequency range from 7.7 Hz to 8.1 Hz were imposed on the cable 

model with and without the EMDEH device to examine the vibration control 

performance. 

 

Figure 6.15 (a) and (b) shows the acceleration responses with and without the EMDEH 

device at the location of 0.25l and 0.75l in two sweep cycles, respectively. Notably, the 

peak harmonic forces are close in the cases with and without EMDEH device; and the 

RMS force of the case of without control is smaller than that with EMDEH device. The 

acceleration responses were well damped by the EMDEH device. The RMS acceleration 

reduction at the location of 0.25l of the resistor circuit case (Rload=18 Ω) and the 

performance optimization circuit case (designed Rin=18 Ω) were identical, 60.0%. 

Consequently, the performance optimization circuit can achieve the vibration control 

performance comparable to that of a resistor circuit, when the designed input resistance 

Rin is equal to load resistance Rload in a resistor circuit case. Similar RMS responses 

control effect can be observed at the location of 0.75l, in which the RMS acceleration 

reduction of the resistor case (Rload=18 Ω) was 53.2% and that of the performance 

optimization circuit case was 57.9%. The peak acceleration response at the location of 

0.25l was reduced from 47.77 m/s2 in without control case to 19.88 m/s2 in performance 

optimization circuit case, as shown in Figure 6.15 (a). Similar control effect can be 

found at the location of 0.75l. The good agreement of the RMS responses between 

performance optimization circuit case (designed Rin=18 Ω) and resistor circuit case 

(Rload=18Ω) demonstrates that the dual-function EMDEH device with a performance 

optimization circuit is capable of offering vibration mitigation comparable to the 

optimal passive viscous damper. In conclusion, optimal passive vibration control for the 

targeted mode 2 was achieved by the EMDEH device. 
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(a) 0.25l 

 

(b) 0.75l 

Figure 6.15 Acceleration time histories of the stay cable with and without EMDEH 

device subjected to sine sweep excitation (vibration mode 2, frequency range 7.7-8.1 Hz; 

sweep rate 0.05Hz/s; force of the resistor circuit case: peak of 20.0 N, RMS of 11.8 N; 

force of the performance optimization circuit case: peak of 18.1 N, RMS of 11.5 N; 

force of the without control case: peak of 19.3 N, RMS of 6.6 N) 

 

Figure 6.16 shows the FRF of the acceleration responses to exciting force at 1/4l, 1/2l, 

and 3/4l, respectively. In addition to the measured FRF curves, theoretical FRF curves 

were also shown in Figure 6.16 with the optimal damping coefficient setting for 

vibration mode 2 [Copt,2= 93.5, Equation (6.5)]. The reductions of FRF amplitudes of 

cable with and without control are shown in Table 6.7. The reductions of the FRF 

amplitudes at the location of 1/4l are comparable for the EMDEH devices with 

performance optimization circuit and resistor circuit case [Rload = 18 Ω], as shown in 
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Figure 6.16(a) and Table 6.7. The targeted modal vibration (mode 2) is well suppressed 

in with a reduction of 12 dB by the proposed EMDEH device with the performance 

optimization circuit [Table 6.7]. The control performance of the EMDEH devices is 

slightly better than that of the optimal passive viscous damper (10.5 dB), which is 

attributed to the inertial effect of the linear EM damper. Furthermore, although the 

damping was set to be optimal for mode 2, the adjacent modes were also well 

suppressed by the proposed dual-function EMDEH device. The FRF of 1/2 l and 3/4 l is 

shown in Figures 6.16(b) and 6.16(c), respectively. Similar vibration control 

performance can also be seen in the 1/2 l and 3/4 l locations. 

 

Another phenomenon is the natural frequency shift in modes 3, 4, and 5, as shown in 

Figure 6.16. This phenomenon can be explained by the locking effect because of too 

much damping provided by the damper (Krenk and Høgsberg 2005). The damping was 

set to be approximately 68 N·s/m, and the gap between the demanded damping and this 

setting would become larger in higher mode. As a result, the locking effect becomes 

more obvious in higher modes, thus, the natural frequency shifts more significantly. In 

addition, the FRF amplitude of mode 4 (16 Hz) cannot be measured in the 

without-control case because the three accelerometers were placed on the nodes of the 

mode shape with zero displacement (0.25l, 0.5l, and 0.75l). However, the nodes of 

mode shape 4 was shifted because of the installation of EM damper; as a result, the 

mode 4 can be observed in the FRF in the with-control cases, as shown in Figure 

6.16(a–c). Thus, Figure 6.16(a) does not indicate that the FRF amplitude of mode 4 is 

amplified by the EM damper. 
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(a) FRF at 0.25l 

 

(b) FRF at 0.5l 

 

(c) FRF at 0.75l 

Figure 6.16 Measured and theoretical FRF of acceleration responses to exciting force at 

0.25l, 0.5l, and 0.75l (measured curves were identified from random vibration data; 

resistor: EMDEH device with resistor circuit (Rload=18 Ω); POC: EMDEH device with 

performance optimization circuit; Copt,2: theoretical FRF curve, Copt,2 = 93.5 N·s/m) 
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Table 6.7 FRF amplitude of cable with and without control (unit: dB) 

Mode FRF of 0.25l FRF of 0.50l FRF of 0.75l

Rload 

18 Ω 

EMDEH 

 

Copt,2 Rload 

18 Ω

EMDEH

 

Copt,2 Rload 

18 Ω 

EMDEH

 

Copt,2

1 8.9 7.8 8 7.7 6.2 6.5 8.1 6.4 5.4 

2 11.9 12 10.5 / / / 10.6 10.6 9.1 

3 9.9 11.6 7.6 11.9 13.5 9.5 12.6 14 11.1

5 20.3 20.8 21.5 11.8 11.5 12.2 9.3 9.2 8.7 

1. Rload Case, EMDEH device with resistor circuit cases; Rload=18Ω; 
2. EMDEH Case, EMDEH device with performance optimization circuit cases;  

 

 

 

Figure 6.17 Acceleration time histories of the stay cable with and without EMDEH 

device subjected to random excitation (location: 0.25l; no damper case: RMS of 7.2 N; 

EMDEH with performance optimization circuit case: RMS of 6.8 N) 

 

Figure 6.17 shows the acceleration time histories under random excitation at 1/4l with 

and without the EMDEH device (performance optimization circuit). The acceleration 

responses were well suppressed by the EMDEH device, in which the peak response was 

reduced from 100.3 m/s2 to 38.1 m/s2 and the RMS response was reduced from 21.6 

m/s2 to 8.2 m/s2, with a reduction ratio of 62.1%. 

 

Table 6.8 shows the damping ratios identified by the autoregressive moving average 

(ARMA) model method (Bisht 2005) using the random vibration data. Given the 

uncertainty of the modal damping ratio estimation based on random vibration data, the 

modal parameter identification was performed using different model orders. Table 6.8 
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shows the average damping ratios with and without control cases. The damping ratios of 

the scaled cable model without control were quite low, ranging from 0.25% to 0.43%. 

With the aid of the EMDEH device (with performance optimization circuit), the 

damping ratio of mode 2 was enhanced to 2.10%, which is slightly lower than the 

theoretical upper limit of 2.5% (Table 6.1). Besides this, the damping ratios of the 

EMDEH device using a performance optimization were close to that of resistor circuit 

cases. 

 

Table 6.8 Estimated damping ratios of cable with and without EMDEH device 

Mode 

no. 

Without control 

(%) 

Resistor circuit 

Rload = 18 Ω (%) 

Performance 

optimization circuit (%) 

1 0.25 2.00 1.30 

2 0.26 2.50 2.10 

3 0.43 2.41 2.61 

5 0.34 1.67 1.26 

 

 

 

Figure 6.18 The relation of measured total damping coefficient vs. different vibration 

levels in performance optimization circuit cases (Random vibration) 

 

The vibration control performance of the proposed EMDEH device with performance 

optimization circuit in different vibration levels should be taken into account. Figure 

6.18 shows that the total damping coefficients of the EMDEH device vary with 
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increasing the vibration level. The total damping coefficients in random vibration cases 

were identified by the force–velocity relationship using linear regression analysis, 

which vary from 52.2 N·s/m to 72.4 N·s/m and are close to the designed value of 68 

N·s/m. The increasing total damping coefficient Cd is the consequence of the decreasing 

average input resistance Rin (as shown in Figure 6.13) when the vibration level is 

increased in random vibration cases.  

 

 

Figure 6.19 Measured FRF of acceleration responses at 0.25l to exciting force with 

different vibration levels (Random vibration cases; EMDEH device connected to the 

performance optimization circuit; the legend marks the RMS acceleration responses of 

cable mid-span) 

 

Figure 6.19 shows that the FRF amplitudes with the EMDEH device were consistent in 

different vibration levels in the random vibration testing. The variation in the average 

input resistance Rin (Figure 6.14) and the total damping coefficient Cd (Figure 6.18) 

result in the ignorable changes in the FRF and control performance (Figure 6.18), which 

reveals the robustness of vibration control performance using the dual-function 

EMDEH device with performance optimization circuit under different vibration levels. 
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6.4.5.3 Energy Harvesting Performance 

 

Figure 6.20 A typical voltage curve of NiHM battery charged by the EMDEH device in 

random vibration case (RMS force of 12.5 N) 

 

 

Figure 6.21 Typical charging current in random vibration case (RMS force of 12.5 N) 

 

Figure 6.20 shows a typical charging curve of the NiHM battery by the power output 

from the dual-function EMDEH device using a performance optimization circuit in 

random vibration cases. The original voltage of 3.77 V was successfully charged up to 

3.80 V over the duration of 600 s. The corresponding charging current is shown in 

Figure 6.21, which shows that the peak charging current is up to 107 mA while the 

average charging current is about 8.13 mA because of fluctuation. The charging current 
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inevitably shares a random feature of the input force and does not maintain constant in 

the charging process. Hence, there is a significant difference of charging between the 

power source using ambient vibration-based energy-harvesting technique and the 

routine power supplies with a fixed DC or AC voltage output. 

 

 

Figure 6.22 Output power and corresponding efficiency vary with cable vibration level 

 

Figure 6.22 shows the output power and corresponding harvesting efficiencies with 

different vibration levels in random vibration cases. The output power of the 

dual-function EMDEH device increases dramatically from 7.6 mW to 31.5 mW when 

increasing the vibration level from 9.86 m/s2 to 18.32 m/s2 (mid-span of the cable 

model). The corresponding harvesting efficiencies η are relatively stable, ranging from 

13.2% to 14.9%. The detailed test data on the power and efficiency in performance 

optimization circuit cases is presented in Table 6.9. The intermediate efficiency η1, 

representing electromechanical coupling, retains approximately 46%, except for the 

case of low random vibration (RMS force of 6.8 N). The results indicate that 

approximately 54% of the damping power of the EMDEH device was converted to heat 

by parasitic damping dissipation mechanism (friction). Reducing the friction of the EM 

damper can dramatically improve the harvesting efficiency. The intermediate efficiency 

η2, representing the proportion of the power input to energy harvesting circuit in the 

total EM damping power, slightly varies from 64.0% to 72.4% in the vicinity of the 

optimal range (68% to 76%). The intermediate efficiency η2 is determined by the 
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average input resistance of the performance optimization circuit. The efficiency of the 

performance optimization circuit itself (η3) ranges from 45.0% to 49.5%, which is 

significantly lower than the theoretical upper limit. 

 

Several reasons may account for the low efficiency of the performance optimization 

circuit (DCM buck-boost converter) in energy harvesting subjected to random 

excitations. First, the relatively low power (Pg) and low current input to the buck-boost 

converter would place the converter in the low-efficiency region (Figure 3.20). The 

power input to the buck-boost converter (i.e., gross output power Pg) ranges from 15.7 

mW to 68.0 mW in random vibration cases (Table 6.9), which locates in the low 

efficiency region (0 to 110 mW, Figure 3.20 (b)). The static drain-source on-resistance 

[RDS(on)] increases dramatically with the decrease in the input power or input current. 

The datasheet of MOSFET (FDV303N) used in this test states that the RDS(on) increases 

from 0.45 Ω to 0.6 Ω when the current ID decreases from 0.5 A (Vgs = 4.5 V) to 0.2 A 

(Vgs = 2.7 V) (reference: datasheet FDV303N). Worse, if the gate voltage Vgs is low, 

such as typically from 1.0 V to 1.7 V in this test, the RDS(on) would be dramatically larger 

than the values stated in the datasheet which were measured in the high gate voltage 

cases. An increase in RDS(on) would significantly increase the conduction loss in the 

MOSFET, thus results in low efficiency of the converter (η). It is noted that the input 

power and current to the converter would be larger in full-scale applications. Hence, the 

performance optimization circuit (DCM buck-boost converter) efficiency may be higher 

in full-scale applications for real structures compared to the scaled stay cable test results. 

Second, the strong fluctuation of the input voltage waveforms may also cause power 

loss in the circuit board. The low efficiency of the power processing circuits in energy 

harvesting has been extensively reported in literature. For example, D'hulst et al. (2010) 

presented a measured efficiency of a buck-boost converter of only 40% without 

considering the gate driver loss. 
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Table 6.9 Average input resistance, power and efficiency in performance optimization circuit cases 

1. The result is the maximum harvesting efficiency in resistor circuit case with optimal load resistance Ropt (Refer to Table 6.6).  

 

Force 
type 

Frequency
(Hz) 

RMS
force
(N) 

Rin 
(Ω) 

Mean
Urect 
(V) 

Pout 
(mW)

Pg 
(mW)

η 

(%) 
η1 

(%)
η2 

(%)
η3 

(%)
η1η2 
(%) 

η1η2 
(%) 

Resistor circuit1, Ropt 
Sine sweep, mode 1 3.9-4.2 8.9 43.2 1.0 3.5 10.9 6.2 23.2 82.3 32.2 19.1 21.4 

Sine sweep, mode 2 7.7-8.1 11.5 24.9 1.3 31.6 52.9 16.9 39.0 72.8 59.7 28.4 27.5 

Sine sweep, mode 3 11.9-12.3 12.1 23.1 1.6 44.1 95.5 18.7 56.8 71.3 46.2 40.5 39.2 

Sine sweep, mode 4 15.9-16.3 11.1 19.6 1.5 41.9 83.3 15.4 45.0 67.8 50.3 30.5 30.0 

Sine sweep, mode 5 19.9-20.2 10.6 18.4 1.4 40.6 69.0 16.7 42.7 66.4 58.8 28.4 26.6 

Random 0-25 6.8 25.8 1.0 7.6 15.7 13.4 37.7 73.5 48.3 27.7 / 

Random 0-25 9.0 20.0 1.1 16.0 32.3 14.9 44.2 68.3 49.5 30.2 31.0 

Random 0-25 10.1 18.4 1.2 20.7 43.1 14.9 46.6 66.5 48.0 30.9 / 

Random 0-25 11.3 17.3 1.3 24.6 54.7 13.2 45.0 65.1 45.0 29.3 / 

Random 0-25 12.5 16.6 1.4 31.5 68.0 13.8 46.5 64.0 46.3 29.8 32.1 
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Table 6.9 presents the product of η1·η2, ranging from 27.7% to 30.9% in random 

vibration cases. The test data are close to that for resistor circuit cases under optimal 

load resistances conditions (Table 6.6 and Table 6.9). In addition, the rectifier output 

power Pg in the cases of random vibration (RMS of 9.0 N and 12.5 N) was 32.32 and 

68.03 mW in Table 6.6, slightly less than the measured maximum output power of 

resistor circuit cases (35.20 and 72.6 mW; Table 6.6). The data indicate that the 

dual-function EMDEH device using a performance optimization circuit was working 

nearly in the optimal region. The proposed design method for an EMDEH device can 

achieve maximum output power point and, at the same time, the maximum harvesting 

efficiency point. 

 

In addition, it should be noted that the output power of EMDEH device (Pout) or the 

input power of EMDEH device (Pin) depends on the excitation location, according to 

Equation (4.47) and (4.48). The output power and the input power dominate in 

high-frequency modes (mode 3 to 5) because the exciter was installed near the fixed end 

of the cable. Consequently, the test results of the power distribution in each vibration 

mode do not imply the real power distribution of a full-scale bridge stay cable, in which 

the energy usually dominates in low-frequency modes. 

6.5 Simulation of EMDEH Device for Full-scale Stay Cable 

The performance of the dual-function EMDEH device is numerically examined in this 

section in a more practical situation, in which the along-wind vibration of a full-scale 

stay cable attached to a novel EMDEH is simulated under turbulent wind loads. In 

addition to the energy-harvesting efficiency, the vibration mitigation effect of EMDEH 

is assessed as well, which has never been reported in related literature. 

6.5.1 Numerical Models of Full-scale Stay Cable 

A full-scale stay cable with a length of 306.69 m is simulated as a numerical example. 

The prototype cable is one of the actual stay cables in Stonecutters Bridge, a long-span 

cable-stayed bridge in Hong Kong. Figure 6.23 shows the elevation of the bridge and 

the location of the simulated stay cable (No. N313). Table 6.10 presents the main 

parameters of this stay cable adopted in the simulation. Both ends of the cable are 
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assumed to be fixed (as shown in Figure 6.1). In the numerical model, the cable is 

discretized into 100 uniformly spaced segments with 99 internal nodes. 

 

Figure 6.23 Location of the stay cable N313 of Stonecutters Bridge for simulation 

 

 

Table 6.10 Parameters of full-scale stay cable and wind excitation 

Parameter of stay cable           Value     Parameter of wind excitation    Value 

Length, l (m) 306.69  Integral length scale, x
uL   221.4 

Outer diameter, Do (m) 0.155  Turbulence intensity, Iu  0.235 

Diameter, Ds (m) 0.126  Friction velocity, *u ,(m/s) 0.71 

Young's modulus, (MPa) 1.95×105  Power law exponent, α 0.29 

Axial stiffness, EA, (kN) 2.429×106  Low limit frequency, (Hz) 0 

Flexural stiffness, EI, (kN-m2) 5525  Upper limit frequency, (Hz) 8 

Mass of per unit length, (ton/m) 0.0986  Time step, (s) 0.0156 

Tension force, H, (kN) 5529.6  Duration, (s) 768 

Fundamental frequency, f01, (Hz) 0.391    

Inherent damping ratio, (%)  0.15    

 

6.5.2 Simulation of Wind Load 

Previous energy-harvesting investigations usually employed harmonic (Mitcheson 

2005) or white noise random excitation (Litak et al. 2010) as driving sources, which 

may not accurately represent actual energy-harvesting performance in civil structures 

given the typically low vibration frequencies of these structures. Therefore, this 

numerical study adopts wind excitations for investigating the performance of 

dual-function EMDEH devices in a more practical situation. 

Stay Cable for simulation 
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The along-wind vibration of the stay cables is simulated under turbulent wind 

excitation. Simulation of a stay cable immersed in wind flow can be performed with 

turbulent flow or other mechanisms (Caetano, 2007). Vortex-induced vibration, 

buffeting vibration, rain-wind-induced vibration and wake-induced vibration are the 

four common types of limited-amplitude cable vibration. Buffeting vibration of stay 

cables is analyzed in this study, because of its simplicity and well-understood 

mechanism. The complex mechanisms of the other types of vibration of stay cables 

attached to a passive damper are outside the main scope of this study and are not 

discussed in this Section. Along-wind buffeting vibration is caused by unsteady random 

fluctuating wind forces along the direction of wind. Buffeting analysis for stay cables 

requires stochastic wind velocity field simulation. Wind velocity consists of two 

components, namely, the mean wind velocity U(zi) and the fluctuating component of 

wind velocity ui(t). The former is typically a function of height zi, while the latter is 

generally simulated as stationary Gaussian processes. The spectral representation method 

(SRM) is one of the most popular approaches for stochastic wind velocity field simulation 

(Hu et al. 2010). One form of the SRM methods, termed cross power spectral density 

(XPSD) matrix-based proper orthogonal decomposition (POD) method (Solari and 

Carassale, 2000), is adopted in this paper to simulate the fluctuating components of wind 

velocity at different spatial locations. The XPSD matrix is constructed based on the 

classical Von Kármán spectrum and spatial coherency function. Subsequently, the 

fluctuating components of wind velocity at different spatial points of interest can be 

generated using POD method. The buffeting force acting on each node of a stay cable 

can be computed from the corresponding wind velocity. The detailed formulation of the 

XPSD matrix-based POD method is presented in the Appendix A.  

 

The wind velocity time histories are generated using the method described in the 

Appendix A. Von Kármán spectrum, which is close to the measured wind spectrum at 

Stonecutters Bridge site based on 27-month data (Hui et al., 2009), was used for 

stochastic wind load simulation. The frequency bandwidth of the spectrum ranges from 

0 to 8 Hz, which covers the first 20 vibration modes of the selected stay cable. Table 

6.10 also shows the main parameters in the wind load simulation. The simulation is 

performed within a wide range of wind speed (from 5 m/s to 25 m/s), where wind speed 

refers to 10-min mean wind speed measured 10-m above sea level. Considering vertical 
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wind speed gradient, the wind velocity at the top end is much higher than the mean 

wind speed. The wind loads are converted to the forces per unit length acting on the 

nodes. As a result, a total of 99 wind force time histories are simulated for each wind 

speed using the aforementioned wind velocity field simulation approach. Figure 6.24 

shows a representative time history of the wind force corresponding to a mean wind 

speed of 9 m/s. The wind loads comprises two parts: mean wind force and fluctuating 

force, where the former varies very slowly and cannot be utilized in energy harvesting, 

and the latter causes wind-induced vibration. The along-wind forces are applied on the 

corresponding nodes of the stay cable in the state-space model.  

 

 

Figure 6.24 Wind force time histories on element 50 (mean wind speed of 9 m/s) 

6.5.3 EMDEH Device in Simulink 

The EMDEH is installed at a position 0.05l away from the anchorage of the stay cable. 

The optimal viscous damping coefficient for mode 1 is determined to be 236.6 kN·s/m 

based on Equation (6.5). An EM damper with an equivalent machine constant of 

eq 1, 200 N AK   and an internal resistance of Rcoil = 2 Ω is selected. 

 

As illustrated in the experimental study, the proposed performance optimization circuit 

using a DCM buck-boost converter can achieve optimal energy-harvesting performance 

and comparable vibration control performance as the optimal passive viscous dampers. 

Hence, this numerical study employed the performance optimization circuit as the 

energy-harvesting circuit. The average input resistance of DCM buck-boost is designed 

to be Rin = 6.72 Ω based on Equation (2.23), such average input resistance can maintain 

optimal harvesting efficiency and the maximum output power. The parasitic and 
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The dynamic simulations of the cable-EMDEH coupled system are conducted within the 

MATLAB/Simulink environment. Figure 6.25 shows the established Simulink model, 

consisting of three interacting parts: the say cable, the EM damper and the performance 

optimization circuit. In the “Stay Cable” modular, the state-space model of the full-scale 

stay cable is established according to Equation (6.1-6.4), and the time histories of wind 

load are simulated using the SRM method described in the Appendix A. The vibration 

velocity of the stay cable at the damper location is output to the “EM damper” modular 

as the damper movement velocity vd. Through a proportional gain block Keq, the damper 

velocity is transformed to the emf u0 according to Equation (2.1). The emf drives 

controlled voltage source block connected to the “Performance Optimization Circuit” 

modular. The current i0 in the performance optimization circuit is measured and 

transformed to the electromagnetic damping force fem according to Equation (2.2). 

Meanwhile, the parasitic damping force is calculated from the damper velocity. The total 

damper force, i.e., the sum of the parasitic damping force and electromagnetic damping 

force, is also applied on the stay cable at the damper installation location. The 

“Performance Optimization Circuit” modular connected to voltage source is simulated 

using the SimPowerSystems toolbox in MATLAB/Simulink environment. The electronic 

components shown in Figure 6.25 are corresponding to those in Figure 2.15. In the 

dynamic simulations, the time step is set to be 1×10-5 second because of a high switching 

frequency (fsw=20 kHz) of the buck-boost converter used. The fixed-step 

Bogacki-Shampine solver (ode3) is adopted to calculate the dynamic responses of the 

cable-EMDEH coupled system. The main simulation results are presented and discussed 

in the following section.  

6.5.4 Numerical Results 

This section discusses the simulation results of the stay cable attached to the installed 

EMDEH at different wind speeds with respect to the circuit characteristics, vibration 

control performance, and energy-harvesting performance. 

6.5.4.1 Circuit Characteristics 

The operation mode of the buck-boost converter depends on the output voltage of the 

rectifier Urect (i.e., the input voltage of the converter). Equation (2.31) indicates that the 
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operation of the buck-boost converter is changed from DCM to CCM when the output 

voltage of the rectifier exceeds 3.6 V. Figure 6.26(a) shows the box-and-whisker plot of 

Urect with the increase in wind speed. When wind speed increases from 9 m/s to 15 m/s, 

the vibration amplitude of the stay cable becomes larger [as shown in Figure 6.26(b)], 

and accordingly, the average rectifier output voltage changes from 0.75 V to 2.88 V and 

the peak rectifier output voltage changes from 4.17 V to 7.08 V. Most of time, the 

buck-boost converter can operate in DCM within this wind speed range (9 m/s to 15 

m/s), which is identified as the optimal wind speed range. Increasing wind speed to 20 

m/s causes the average Urect to exceed 3.6 V, and consequently, the buck-boost 

converter would mainly operate in CCM. 

 

(a) Box-and-whisker plot of Urect 

 

 (b) Vibration level at location of EMDEH device 

Figure 6.26 Output voltage of the rectifier and corresponding vibration level of EMDEH 

device 
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Figure 6.27 shows the average input resistance Rin of the buck-boost converter at 

different wind speeds. When operating mainly in DCM at the optimal wind speed range 

(9 m/s to 15 m/s), the buck-boost converter exhibits a nearly constant average input 

resistance (average of 6.5 Ω) that is close to the design input resistance (Ropt) of 6.72 Ω 

predicted by Equation (2.35). Slight variations (±15%) in Rin compared with Ropt were 

observed within the optimal wind speed range, as shown in Figure 6.27. When the 

buck-boost converter operates in CCM at a higher wind speed, the average input 

resistance Rin is no longer constant and generally decreases with the increase in wind 

speed as explained in Equation (2.36). Rin cannot remain constant when the operation 

mode is changed from DCM to CCM. Rin decreases with the continuous increase in the 

mean wind speed in CCM, as shown in Figure 6.27. In addition, we observed that the 

average input resistance Rin was larger than the design value calculated in Equation 

(2.35) when the mean wind speed was <9 m/s. This phenomenon may be due to the 

cut-in voltage effect of the rectifier. As aforementioned, the average input resistance Rin 

determines the EM damping and harvesting efficiency. As a result, the performance of 

both vibration control and energy harvesting varies with the increase in wind speed. 

 

 

 

Figure 6.27 The average input resistance of the fixed duty cycle buck-boost converter in 

performance optimization circuit 
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6.5.4.2 Vibration Control Performance 

Figure 6.28(a) shows the relationships between damper force and damper velocity at a 

wind speed of 10 m/s. The corresponding average Urect is approximately 0.97 V and the 

buck-boost converter operates mainly in DCM. This force–velocity relationship with 

slight nonlinearity is a representative curve of the EM damper at the optimal wind speed 

range. Figure 6.28(b) shows the relationship at a wind speed of 25 m/s, in which the 

buck-boost converter mainly operates in CCM. Transition points can be observed at a 

velocity of ±8 mm/s, which corresponds to the average Urect = 3.6 V. This damper 

force–velocity relationship shows relatively smaller damping at a low vibration velocity 

and increased damping at a high vibration velocity. The equivalent viscous damping 

coefficients that can be evaluated with the equal energy dissipation principle are equal 

to 231 and 453 kN·s/m in Figures 6.28(a) and 6.28(b), respectively. 

 

   

(a)                                  (b) 

Figure 6.28 Damper force vs. velocity curves with DCM and CCM buck-boost 

converters [(a) Case of DCM: mean wind speed 10 m/s; (b) Case of CCM: mean wind 

speed 25 m/s] 

 

Figure 6.29(a) shows all the equivalent damping coefficients within the considered wind 

speed range. An increase in wind speed generally leads to a decrease in the average 

input resistance of the buck-boost converter in the performance optimization circuit and 

an increase in the equivalent damping coefficient Cd. The equivalent damping 

coefficient is stable and close to the optimal damping coefficient for mode 1 at the 

optimal wind speed range (9 to 15 m/s) because of the nearly constant Rin. This result 

−6 −4 −2 0 2 4 6

x 10
−3

−2

−1

0

1

2

Velocity (m/s)

D
am

pe
r 

fo
rc

e 
(k

N
)

−0.04 −0.03 −0.02 −0.01 0 0.01 0.02 0.03 0.04
−20

−15

−10

−5

0

5

10

15

20

Velocity (m/s)

D
am

pe
r 

fo
rc

e 
(k

N
)



Chapter 6 EMDEH Devices for Bridge Stay Cables 

 

199 

 

implies that the EMDEH device can achieve the optimal damping effect specified in the 

design process. However, the equivalent damping coefficient deviates from the target 

optimal damping outside of the optimal wind speed range. Either too large or too small 

damping would cause the degradation of vibration control performance. 

 

  

(a) Damping coefficient        (b) Damping ratio of mode 1 

Figure 6.29 Total damping coefficient and damping ratio of mode 1 vs. mean wind 

speed 

 

Figure 6.29(b) also shows the damping ratios of the mode 1 at different wind speeds. 

The damping ratios of the cable–damper system are identified by the steady-state 

velocity responses using the ARMA model method (Bisht 2005). Within the optimal 

wind speed range, the damping ratio of mode 1 is approximately 2.4%, slightly less than 

the theoretical optimal value of 2.65%. The unstable vibrations of stay cables (e.g., 

rain/wind-induced vibration) can be avoided when the Scruton number Sc > 10 (Main 

and Jones 2001; Caetano 2007). In this study, the damping ratios of the mode 1 satisfy 

these criteria at the entire wind speed range considered. 

 

Figure 6.30(a) shows the steady displacement time histories at a wind speed of 12 m/s. 

The controlled and uncontrolled responses at the mid-span of the stay cable are 

compared in the figure. Apparently, the EMDEH can significantly suppress the 

displacement amplitudes of wind-induced vibration. Figure 6.30(b) shows the 

comparison of the acceleration time histories where the EMDEH effectively dampens 

89% of the acceleration response. 
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(a) Displacement       (b) Acceleration 

Figure 6.30 Steady displacement and acceleration responses of the mid-span with and 

without the EMDEH device (case: mean wind speed of 12 m/s) 

 

 

Figure 6.31 Comparison of control effect between EMDEH device and optimal viscous 

damper (values of the mid-span of the cable) 

 

Figure 6.31 summarizes the RMS acceleration at different wind speeds, in which the 

viscous damper stands for the optimal passive damping case. The vibration control 

performance of the proposed EMDEH is comparable to that of the optimal viscous 

damper at the mean wind speed range of 5 m/s to 15 m/s, which covers the optimal 

wind speed range. The total damping coefficients for the wind speed range of 5 m/s to 8 

m/s show 10% to 34% diversions from Copt,1 defined in Equation (6.5). This relatively 
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significantly reduce the vibration mitigation effect, as shown in Figure 6.31. However, a 

0 20 40 60 80 100 120 140 160 180
0

100

200

300

400

Time (s)

D
is

pl
ac

em
en

t 
(m

m
)

 

 
No damper
EMDEH device

0 20 40 60 80 100 120 140 160 180
−2

−1

0

1

2

Time (s)

A
cc

el
er

at
io

n 
(m

/s
2 )

 

 
No damper
EMDEH device

0 5 10 15 20 25 30
0

0.5

1

1.5

2

2.5

3

Mean wind speed (m/s)

R
M

S 
ac

ce
le

ra
ti

on
 (

m
/s

2 )

 

 
Without control
Optimal viscous damper
EMDEH device



Chapter 6 EMDEH Devices for Bridge Stay Cables 

 

201 

 

significant deviation (70% to 91%) from the optimal damping in high wind speed cases 

(20 and 25 m/s) would cause a slight degradation of vibration control performance 

compared with the optimal case. Nevertheless, compared with the uncontrolled case, the 

EMDEH device can substantially reduce RMS response at the entire wind speed range. 

A similar observation can be made in the comparison of the peak acceleration 

responses. 

6.5.4.3 Energy Harvesting Performance 

Figure 6.32 shows the rapid increase in output power with the increase in wind speed, 

together with the two representative probability density functions of the 10-min mean 

wind speed distribution in the Hong Kong region. The start-up wind speed for power 

generation is 5 m/s, which corresponds to the peak of the wind speed distribution curve 

with an occurrence probability >10% (Figure 6.32). However, the output power at the 

start-up wind speed is low, mainly because of the low vibration amplitude and relatively 

low efficiency of the buck-boost converter at such low power levels. At the optimal 

wind speed range (from 9 m/s to 15 m/s), the output power varies from 82.5 mW to 

2.40W, as shown in Table 6.12. 

 

 

Figure 6.32 Output power with mean wind speed and corresponding mean wind speed 

distribution (EMDEH device with performance optimization circuit) 

 

Figure 6.33 shows the relationship between energy-harvesting efficiencies and mean 
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depends on the electromagnetic damping coefficient. 1  is quite low at low wind 

speed. When the electromagnetic damping coefficient increases with the increase in 

wind speed, the electromechanical coupling coefficient 1  also improves rapidly.  

 

 

Figure 6.33 Plot of efficiencies of energy harvesting with mean wind speed (EMDEH 

device with performance optimization circuit) 

 

Based on Equation (2.20c), the decrease in Rin caused by the increase in wind speed 

leads to the reduction of the intermediate energy conversion efficiency 2 . At the 

optimal wind speed range, the average input resistance of the buck-boost converter is 

nearly constant and 2  is relatively stable. However, the efficiency 2  decreases 

rapidly when wind speed is increased beyond the optimal range. 3  represents the 

efficiency of the buck-boost converter, which is relatively low at low wind speeds but 

becomes stable when wind speed exceeds 9 m/s. The numerical results demonstrate that 

the efficiency of the buck-boost converter is low if the rectifier output power is low (or 

charging current is low). On the other hand, the efficiency of the buck-boost converter is 

quite high, ranging from 92.6% to 97.1% in the mean wind speed range of 9 m/s to 25 

m/s, which is different from the experimental results. The major reason is that the 

parameters of the buck-boost converter in this numerical study are close to an ideal 

case, for example, the ESR of capacitors, inductors, and Ron of MOSFET are much 

lower than that of the test circuit in Section 6.4. 
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Based on Equation (2.18), the harvesting efficiency   is the product of 1 , 2 , and 

3 .   is also low at low wind speeds but becomes relatively stable and high when the 

wind speed ranges from 10 m/s to 20 m/s.   averages 42.3% at the optimal wind 

speed range, which is close to the theoretical upper limit predicted by Equation (2.22). 

This result indicates that the designed EMDEH can successfully achieve the optimal 

energy-harvesting performance in this case study. All the output power and 

corresponding efficiencies in this numerical study are presented in Table 6.12. 

 

Table 6.12 Output power and efficiencies under different wind speeds (EMDEH device 

with performance optimization circuit) 

Wind 

speed (m/s) 

Pout 

(mW) 

 

(%) 

 

(%) 

	 

(%) 

 

(%) 

5 1.6 7.7 11.9 88.0 73.6 

6 3.7 12.0 17.5 86.5 79.5 

7 19.9 23.0 32.5 82.5 85.7 

8 57.1 29.3 42.6 80.0 86.1 

9 82.5 33.4 45.5 79.2 92.6 

10 190.1 39.3 53.0 77.6 95.6 

11 421.2 42.7 56.9 77.7 96.8 

12 652.2 44.3 59.0 77.3 97.0 

13 1319.2 45.7 63.5 74.2 96.9 

14 1914.3 45.5 62.6 74.8 97.1 

15 2396.8 45.3 68.4 68.6 96.7 

20 13459.3 40.2 78.8 53.6 95.2 

25 42192.2 36.4 82.3 46.8 94.6 

 

6.5.5 Discussions on the Simulation 

The simulation results clearly indicate that the proposed EMDEH can successfully 

fulfill the two expected functions, namely, vibration control and energy harvesting, 

when applied to full-scale stay cables. A properly designed EMDEH device can also 

simultaneously achieve optimal vibration control and optimal energy-harvesting 

performance at a specific wind speed range in which the performance optimization 

circuit (DCM buck-boost converter) can maintain nearly constant average input 
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resistance. However, when wind speed is beyond the optimal range, the variation of the 

average input resistance of the performance optimization circuit leads to the degradation 

of both vibration control and energy-harvesting performance. 

 

In general, vibration control performance is not sensitive to the variation of the input 

resistance of the performance optimization circuit, and only a slight reduction can be 

observed at high wind speeds compared with the optimal cases. The harvesting 

efficiency is more sensitive to the variation of the input resistance of the performance 

optimization circuit. Furthermore, the output power changes dramatically with the 

increase in wind speed. The output power produced by the EMDEH device at the 

optimal wind speed range is considerably higher in this study than that produced by 

typical vibration-based microscale energy-harvesting devices reported in previous 

studies (Mitcheson et al. 2008). Therefore, the proposed EMDEH device can serve as a 

regenerative power supply for commercial wireless sensors that typically consume 

power at 24 mW to 570 mW (Miller et al. 2010). The significant variation of the output 

power may cause practical difficulty in the design of the energy harvesting circuit. 

Given that energy harvesting at extreme wind speed is usually not of interest because of 

the low occurrence probability, a potential solution is to switch to a constant resistor 

circuit when the output power is high, to protect the energy harvesting circuit from 

overload, and to maintain a desirable damping level. This strategy requires an adaptive 

control technique that monitors output power and should be investigated in the future. 

 

The numerical simulation investigates only the buffeting-induced along-wind vibration 

of the stay cable. Cross-wind buffeting vibration and the vibrations induced by other 

mechanisms (e.g., traffic), which may contribute more output power, are not considered. 

For this reason, the annual output power of the proposed EMDEH device is not 

evaluated in this study. However, complex rain/wind-induced vibration is unlikely to 

occur because of the enhanced damping level provided by the EMDEH device. 
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6.6 Summary 

This chapter presents the EMDEH device application in bridge stay cable via 

experimental study on a scaled stay cable model and a numerical study on a full-scale 

bridge stay cable. 

 

The experimental study presents a series of dynamics tests of the scaled stay cable 

model installed with an EMDEH device. Three types of circuits, including the resistor 

circuit, the SEHC circuit, and the proposed performance optimization circuit, were 

comprehensively tested. The data reveal that the optimal load resistances to achieve 

maximum harvesting efficiency agree well with the predicted value using Equation 

(2.23). To achieve maximum harvesting efficiency, the performance optimization circuit 

adopts the resistance emulation technique to match the optimal load resistance. The 

circuit provides proper input resistance which corresponds to the optimal EM damping 

setting for the vibration mode 2. The performance of the dual-function EMDEH device 

with the proposed performance optimization circuit has been illustrated in resonant 

vibration as well as in random vibration. The data have demonstrated that the 

dual-function EMDEH device using the proposed performance optimization circuit can 

achieve a comparable vibration control performance with the optimal passive viscous 

dampers. Furthermore, the optimal damping setting also maximizes the output power if 

the harvesting efficiency has been optimal, based on the analysis presented in Chapter 4. 

The data also show that the EMDEH device attached to a 5.85 m-long scaled cable can 

harvest 31.5 mW of output power with an harvesting efficiency of 13.8% at the 

vibration level of 18.32 m/s2 (mid-span) when subjected to random excitation. As a 

result, the nearly optimal output power and harvesting efficiency were achieved by 

using the performance optimization circuit simultaneously in this test. Thus, the 

proposed performance optimization circuit outperforms the SEHC circuit, with which 

the EMDEH device cannot retain both output power and optimal vibration damping. In 

addition, the robustness of the dual-function EMDEH device with the proposed 

performance optimization circuit was examined by using different levels of random 

force input. 
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Additionally, a numerical study on the application of a dual-function EMDEH device to 

a full-scale bridge stay cable was performed, considering practical wind excitations. The 

results show that the EMDEH device successfully performs the dual functions in its 

application to stay cables. Furthermore, a properly designed EMDEH based on the 

proposed design method (Section 4.5) can simultaneously achieve the optimal vibration 

control and energy harvesting performance within a specific wind speed range (9 m/s to 

15 m/s). The control effect of EMDEH within this optimal wind speed range is 

comparable to that of an optimal passive viscous damper for a stay cable. A harvesting 

efficiency of 42.3% is observed, which is close to the value of the theoretical maximum 

efficiency in this application. The simulations also project output power ranging from 

82.5 mW to 2.40 W at the optimal wind speed range (9 m/s to 15 m/s), which implies 

that the proposed EMDEH device has great potential to become a regenerative power 

source for small electronic devices (e.g., wireless sensors). The variation of the average 

input resistance of the performance optimization circuit is also studied at low or high 

levels of output power and leads to the degradation of both vibration control and energy 

harvesting performance when the wind speed is out of the optimal range. Although only 

the buffeting-induced along-wind vibration of the stay cable is investigated in the case 

study, this numerical study validates the feasibility of applying a dual-function EMDEH 

device to full-scale bridge stay cables. 
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Chapter 7 Conclusions and Discussions 

 

 

 

7.1 Conclusions 

A dual-function EMDEH device was proposed to serve both vibration control and 

energy harvesting functions. The modeling, testing, analysis, optimization, and 

implementation of the EMDEH device were systematically conducted in this study. A 

simple optimal design strategy was proposed for the dual-function EMDEH device 

applied to civil structures. Two application examples, a regenerative TMD for high-rise 

buildings and an EMDEH device for bridge stay cables, were investigated in terms of 

both vibration control and energy harvesting performance. 

 

In the first step, a mathematical model of the dual function EMDEH device was 

established by considering four types of circuits: constant resistor, SEHC, voltage-mode 

controlled DC–DC converter, and performance optimization circuit. The damping of the 

EMDEH device consists of parasitic damping and EM damping. The non-linear 

Coulomb friction of parasitic damping was linearized using the equal energy dissipation 

principle. In addition, the EM damping of the EMDEH devices, depend on three 

parameters: machine constant (Kem), coil resistance (Rcoil), and load resistance (Rload), 

and can be approximated as a linear viscous damper. Therefore, the damping 

characteristic of the EMDEH device with a constant resistor was similar to that of a 

linear viscous damper. 

 

The damping of the EMDEH device connected to the SEHC exhibited strong 

non-linearity that is dependent on both the open-circuit and supercapacitor voltages. 

This non-linear damping feature of the EMDEH device with SEHC circuit was 

linearized using averaging and the equal energy dissipation principle with regard to a 

harmonic input. The dependence of EM damping on the open-circuit and supercapacitor 
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voltages indicates that the damping of EMDEH devices with the SEHC varies over time. 

Time-varying damping is undesirable in the optimal design of passive vibration control. 

 

Meanwhile, the energy-harvesting performance of the EMDEH device was analyzed 

with respect to harvesting efficiency. The optimal load resistance to achieve the 

maximum harvesting efficiency was derived considering the parasitic damping effect. 

The theoretical upper limit of the harvesting efficiency was found to be constrained by 

the machine constant, parasitic damping, and the internal coil resistance.  

 

For a practical circuit, the energy harvesting efficiency of the SEHC depends on the 

supercapacitor voltage and peak EMF. Both the supercapacitor voltage and peak EMF 

vary in the energy harvesting process, thus resulting in a time-varying harvesting 

efficiency. The small-signal model analysis of voltage-mode controlled DC–DC 

converters reveals that their input impedances are strongly affected by the loop gain and 

also functions of duty cycle. The variation of rectifier voltage results in varying duty 

cycle thus varying input impedance in the voltage-mode controlled DC–DC converter. 

Consequently, the input impedance of the converter with the feedback loop is not 

resistive and varies with rectifier voltage. As a result, the SEHC and the voltage-mode 

controlled DC–DC converter could not maintain the optimal load resistance to achieve 

the maximum harvesting efficiency.  

 

Performance optimization circuits using fixed duty-cycle DCM buck-boost converters 

can emulate a constant resistor in a wide voltage range through the proper selection of 

switching frequency, inductance, and duty-cycle. The constant average input resistance 

of the DCM buck-boost converter in a performance optimization circuit enabled the 

optimal design for EMDEH devices. A target damping coefficient can be achieved by a 

properly designed performance optimization circuit; meanwhile, the maximum 

harvesting efficiency can also be obtained if the average input resistance of the 

converter matches the optimal load resistance. Experimental results presented in 

Chapter 3 show that the proposed mathematical modeling for EMDEH devices can 

provide good predictions of their behavior.  

 

Civil structures are usually subjected to random excitation, such as wind loads. In 
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addition, the “dynamic interaction” between EM devices and structures cannot be 

ignored for output power predictions. Therefore, the energy-harvesting performance of 

the proposed EMDEH device was analyzed using coupled EMDEH-structure models 

subjected to band-limited white noise. The total damping power of a linear SDOF 

structure is determined by the excitation PSD and the SDOF structure mass only, which 

are independent of the total damping coefficient (i.e. a sum of the inherent structural 

damping and the device damping coefficient). As a result, at a given harvesting 

efficiency, the output power of the EMDEH device increases with increasing its 

contributed damping ratio. Therefore, the two functions of vibration control and energy 

harvesting are consistent with each other, because both benefited from the increased 

contribution of the device to the overall damping ratio of the SDOF structure.  

 

The analysis was extended to an MDOF structure. The closed-form solutions illustrated 

that the total damping power of a MDOF structure is the sum of the damping power of 

each mode, which is independent of the total damping coefficient. Furthermore, for a 

given harvesting efficiency, the output power of the EMDEH devices increases with the 

increasing device-contributed damping ratios. A higher structural damping ratio 

contributed by the EMDEH devices also results in a larger output power. As a result, a 

similar conclusion with the SDOF structure can be drawn. Vibration control and energy 

harvesting are consistent with each other in the presence of inherent structural damping. 

However, a higher structural damping ratio does not necessarily correspond to a greater 

damping coefficient of the EMDEH devices. Some structures (e.g. stay cables) require 

an optimal damping coefficient to maximize the damping ratio of a specific vibration 

mode. 

 

Moreover, the analytical results demonstrated that the maximum output power can be 

achieved when the device-contributed damping ratios and energy harvesting efficiency 

are both maximized. The former requires optimal vibration damping, whereas the latter 

requires optimal load resistance. Therefore, the optimal design method for EMDEH 

devices has been proposed using the resistance emulation technique, in which a 

performance optimization circuit using a DCM buck-boost converter is adopted to 

match the optimal load resistance for both vibration control and energy harvesting 

purposes. The design process required the proper selection of EM device parameters, 
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thus resulting in a similar load resistance value for optimal vibration damping and 

maximum harvesting efficiency. In this way, the EMDEH device with a performance 

optimization circuit became a suitable standalone system that did not require an external 

power supply and feedback control loop. 

 

The proposed EMDEH devices can be applied to flexible and lightly damped civil 

structures that are susceptible to excessive vibrations. High-rise buildings and bridge 

stay cables are proposed as potential applications. The experimental results of the 

shaking table test of an SDOF model (ms=527.9kg) installed with a pendulum-type 

TMD (mass ratio: 3.33%) demonstrated the feasibility of the regenerative TMD for both 

vibration mitigation and energy harvesting. In addition to the significant reductions in 

displacement and acceleration responses (49.6% to 65.8%), 68.9 and 339.9mW effective 

output power were obtained by using a voltage-mode controlled buck-boost converter 

when the model was subjected to 0.03 and 0.05g random ground motions, respectively. 

An Imote2 smart wireless sensing node (Rice and Spencer, 2009) was successfully 

powered by the output of the regenerative TMD. The power extracted from the EMDEH 

device was capable of serving as a power supply for wireless sensors. A numerical 

simulation was performed to evaluate its performance when the regenerative TMD was 

incorporated into the 76-story benchmark building subjected to across-wind excitation. 

The simulation results illustrated the effectiveness of the proposed simple design 

method employing a performance optimization circuit. The vibration control 

performance of the regenerative TMD is comparable to that of the optimal passive TMD 

and is nearly stable in a wide mean wind speed range. The average output power of the 

regenerative TMD reached hundreds of watts within the average wind speed range of 

8 m/s to 12 m/s and tens of kilowatts and under extreme wind conditions. Furthermore, 

the harvesting efficiency of the regenerative TMD reached 35.9% to 43.3% within the 

wind speed range of 7m/s to 25m/s. The results show the promise of a self-powered 

vibration control and monitoring system based on the proposed EMDEH devices and 

wireless sensing techniques.  

 

The dynamic test of a scaled stay cable-EMDEH system illustrated the feasibility and 

effectiveness of the proposed EMDEH device for both cable vibration mitigation and 

energy harvesting. The results demonstrated that the EMDEH device with a 
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performance optimization circuit exhibited comparable vibration control performance as 

the optimal passive viscous damper, and meanwhile efficient energy harvesting was also 

obtained. In addition, the proposed performance optimization circuit outperformed the 

SEHC in terms of both vibration control and energy harvesting. The numerical 

simulation of a wind-excited, full-scale, cable-EMDEH system indicated that the 

proposed EMDEH device can work optimally within a specific wind speed range (9m/s 

to 15m/s). A prediction was that 82.5mW to 2.40 W electrical power, which is generally 

sufficient to power a wireless sensor, can be harvested at the optimal wind speed range 

(9m/s to 15m/s) under along-wind excitation. 

 

The output power of EMDEH devices obtained in the experimental studies and 

numerical simulations in this study are summarized in Figure 7.1, together with the 

estimated power consumption of commercial wireless sensors and some output powers 

of vibration-based harvesters reported in the representative literature. In conclusion, the 

proposed dual-function EMDEH devices can provide both vibration control and energy 

harvesting functions, and serve as potential power supplies to autonomous wireless 

sensors or other low-power electronic devices, such as semi-active control devices.  
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Figure 7.1 Summary of output power of EMDEH devices and other vibration-based energy harvesters 
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7.2 Discussions 

Some points that have arisen from this study are discussed in this section, focusing on 

energy harvesting or energy regeneration via EM damping devices installed in civil 

structures. 

 

One of the major obstacles faced by EM dampers application is the relatively low 

damping density when using linear EM devices (e.g., Figure 2.2). Hence, the fabrication 

of a large-scale EM damper with high damping density according to the proposed 

configuration (Figure 2.3) deserves future implementation. The corresponding damping 

characteristic needs to be characterized. In addition, the energy harvesting performance 

of a large-scale EMDEH device needs further investigation via experimental study. In 

this way, the scalability of the EMDEH device is discussed based on the experimental 

data. 

 

The efficiency of DCM buck-boost converters in performance optimization circuits is 

expected to be improved in real applications considering a higher open-circuit voltage 

level and lower on-resistance of the power switch. However, the improvement of 

converter efficiency under a random input with large fluctuations requires future 

investigation. An efficient converter is desirable to enhance the harvesting efficiency. In 

addition, the proposed performance optimization circuit can operate optimally only in a 

specific range. When out of this range, some protection strategies, such as switching the 

circuit to a constant resistor, are desirable to provide optimal vibration damping and to 

avoid damage to the rechargeable battery. Potential solutions are either a feed-forward 

loop with rectifier voltage sensing or a feedback loop that monitors the charging current. 

 

Although a numerical simulation of a cable-EMDEH coupled system was conducted 

using a full-scale bridge stay cable, the predicted output power corresponded to the 

along-wind buffeting vibration only. In general, the across-wind vibration of the bridge 

stay cable is significantly larger than its along-wind vibration. Therefore, a dynamic 

analysis of cable-EMDEH coupled systems needs to be performed in future to predict 

the output power under across-wind excitation using across-wind force data. Such data 
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can be obtained through a wind tunnel test on a scale cable model or from field test data. 

Another solution to this problem is to create a full-scale EMDEH device to be installed 

into a real bridge cable. The EMDEH performance can be investigated via field tests.  

 

The present study on dual-function EMDEH devices, which mainly considers only wind 

loads, can be extended to seismic loads. The analyses and simulations of the seismic 

applications of EMDEH devices require further investigation. In particular, structural 

vibrations during earthquakes are typically non-stationary and last for only tens of 

seconds. Consequently, the harvested energy from seismic input cannot provide electric 

power to wireless sensor network for continuous monitoring. Thus, the active or 

semi-active vibration control using regenerative energy is more attractive during 

earthquake events.  

 

Although the regenerative active control system is theoretically feasible and some 

primary tests were conducted in regenerative vehicle suspensions, its application to 

full-scale civil structures is expected to be challenging, if the present harvesting 

efficiency cannot be considerably improved. A self-powered, semi-active control system 

using EM devices is promising for civil structures because the damping force of the EM 

damper can be easily controlled by changing external resistances. In particular, the 

digital controller in conventional semi-active control systems usually involves a 

computer that consumes tens to hundreds of watts of power. Therefore, the semi-active 

strategy with the use of analog compensation networks, which do not require external 

power supplies and sensing, may be paid more attention. 
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Appendix A: Stochastic Wind Field Simulation 

The SRM is one of the most frequently adopted approaches for wind velocity field 

simulation. It was originally proposed by Rice (1954) and further extended by other 

researchers (e.g. Shinozuka et al., 1990). This empirical method is based on the field 

measurement and has been extensively accepted in simulating wind effects on structures 

(Holmes, 2001). The SRM using XPSD matrix-based POD is briefly introduced in this 

appendix. More detailed formulation of this method can be found in Hu et al. (2010).  

 

The wind velocity field simulation is based on the XDSP matrix of wind velocity, which 

is N×N square matrix where N is the number of nodes in a structural discrete model (finite 

element model or finite difference model). The one-sided XDSP matrix takes the form, 
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where 
i iu uS  and 

i ju uS  are the auto power spectra and cross power spectra, respectively. 

The auto power spectra 
i iu uS usually adopts the classical Von Kármán spectrum  
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where ( )u uI U z  is the standard deviation of along-wind turbulence component u, U(z) 

is the mean wind speed at the height of z, uI is the turbulence intensity of component, x
uL  

is the integral length scale of along-wind turbulence component, and   is the frequency 

in rad/s. These characteristic parameters are determined empirically from field 

measurement data. The mean wind speed along height is usually described by the power 

law 
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U z U


   
 

 (A.3) 

where U10 is the mean wind speed at z=10 m,  is the exponent depending on the surface 
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roughness. The magnitude of the cross power spectra 
i ju uS is given by 

 ( ) ( , ) ( , ) ( )
i j i i j ju u u u i u u j ijS S z S z       (A.4) 

where the empirical coherence function ( )ij   is defined by 
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Where the subscripts i and j denote two points in the field, xi, xj zi and zj denotes the lateral 

and vertical coordinates of the two points, Cx=16 and Cz=10 are two coefficients.  

 

The one-sided XPSD matrix ( )uu S can be represented by the Cholesky decomposition 

(Hu et al 2010), 

 ( )= ( ) ( )T
uu   S D D  (A.6) 

where the superscript T denotes the transpose of a matrix, and  

 ( ) ( ) ( )  D φ Λ  (A.7) 

in which, 

  1( ) ( ) ( ) ( ) , ( ) ( )k N kdiag          φ φ φ φ Λ   (A.8) 

( )k φ  and ( )k  are real and denote the kth eigenvector and eigenvalue of ( )uu S , 

respectively. In addition, ( )k φ should be normalized as ( ) ( )T
k j kj  φ φ , where 

denotes the Dirac-δ function.  

Hence, the stochastic decomposition of wind velocity matrix ( )tu  is given by 
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  u X D  (A.9) 

in which, ωu is the upper cutoff frequency of ( )tu ; ( )k D is the kth column vector of 

( )D ; 1j   ; ( )kb  =zero-mean Gaussian stochastic process with orthogonal 

increments. It should be noted that the ( )uu S  as well as ( )tu  can be well 

approximated by a limited number Ns ( ≪ ) of the spectral eigenvalue and 

eigenvectors, respectively.  

 

The ith term of the wind velocity process of Equation (A.9) can be rewritten as 
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discretizing form, 

 
1 1

( ) 2 ( ) cos( )
N M

i ik l l kl
k l

u t D t   
 

    (A.10) 

where Dik=(i,k) entry of D; ∆ω=ωu/M=frequency interval; M=number of frequency 

intervals, ωl=(l-1)∆ω=discrete sample frequency series; t=(r-1)∆t=discrete sample time 

series; ∆t=time step, r=1,…,NT, and NT =number of time steps; and kl =random phase 

angle series distributed in [0,2π] uniformly, each of which is independent of the others. 

The stochastic wind velocity simulation can be implemented efficiently by the FFT 

technique (Hu et al 2010).  

 

The total wind velocity is the sum of the mean wind velocity and the fluctuating 

component 

 ( ) ( ) ( )i i iU t U z u t   (A.11) 

Along-wind load (i.e. buffeting force) at the ith node of a structure can be further 

estimated by (Li and Kareem, 1990)  

 2 21 1
( ) ( ( ) ( )) ( )

2 2i iw D o i s D o iF t C A U t V t C A U t     (A.12) 

where  , oA  and DC  denote air density, sectional area and drag coefficient, 

respectively; and ( )
isV t  is the structural velocity. Typically, ( )

isV t  is typically low 

compared with wind velocity ( )iU t  and thus can be ignored in Equation (A.12).  
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