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CHAPTER 1 

 

 

INTRODUCTION 
 

 

 

Recent developments in wireless systems became remarkable under the 

influence of emerging technology. To give example, advances in Micro 

Electromechanical Systems (MEMS) and compact semi-conductor technologies 

established a suitable environment for the research of low-power wireless sensors 

and actuators. Typical application areas of these devices in our daily life contain 

domestic, commercial, military, health, environmental and industrial sectors. As 

an example, stability of critical structures can be monitored and any fatigue or 

aging can be detected using [1]. While such systems are providing effective 

solutions to our daily problems, their wireless nature reveals a concern: How to 

supply energy to these systems? Batteries have been utilized as the main power 

source of such electronic systems. However, batteries are bulky and their lifetime 

is limited.  Advances in small, lightweight and low-cost network elements have 

decreased the power requirement of these devices down to microwatts.  Since the 

power requirement of small wireless devices is low, self-powered wireless sensor 

networks can be obtained by powering them up with the energy extracted from the 

environment [2, 3].  Environmental sources mainly appear as solar, thermal, RF 

and vibration in nature [4, 5].  Solar cells have long lifetime and provide high 

power density. Nevertheless, their performance highly depends on the 

environmental variations.  Thermoelectric generators help to recover waste heat 

by converting it to electrical power, but this type of generators have low energy 
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conversion efficiency and limited applications.  RF power is a good candidate to 

generate power for low power wireless and portable applications. However, the 

harvested energy highly depends on the distance from the main RF power source.  

Among these sources, vibration is a promising energy harvesting solution for low 

power wireless network applications due to its abundance in nature and clean 

profile. 

 

1.1. Batteries as an Energy Sources 

 

A battery is a device that stores energy in chemical form and converts that energy 

into electricity. Due to its ease of use and efficiency, batteries surpass other power 

sources and are extensively used from laser-pointers to laptops. However, longevity 

of this energy source is the main problem especially for today’s advanced technology. 

Autonomous wireless sensor systems is an example of emerging technology, which 

operates continuously. The batteries as an energy source affect these systems 

negatively and disturb continuity due to their poor lifetime. Figure 1.1 illustrates the 

lifetime of the wireless sensor systems when batteries are used as a power source [6]. 

 

Figure 1.1: Ideal lifetime of a wireless sensor systems [6]. 
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Comparing improvements on battery industry and advancing technology, it is clear 

that improvements on technology is much greater than that of the battery industry. 

That means, power requirements of the electronics industry continue to reduce 

compared to advancements in battery technology. As the technological gap between 

these technologies increases, compensation of energy requirement of electronic 

devices becomes a big challenge. Wireless sensor systems are good examples to the 

advanced technology, where energy requirement of these systems is still supplied by 

the batteries. However, according to Figure 1.1, batteries could not satisfy power 

expectations of such systems in the face of advanced improvements. As duty cycle of 

the systems increases, lifetime of the batteries decreases. Therefore, the capacitive 

power source dependence of wireless systems makes them unfavorable. With 

conventional batteries and battery variations, lifetime of wireless systems is limited, 

since continuous operation becomes impossible. [7] Also, battery industry is not 

capable to keep up with the rapid changes in electronic industry. For this reason, the 

customers use several batteries for electronic devices during their lifetime. Thus, 

power requirement of these systems should be fulfilled by continuous and effective 

power generation methods. A promising alternative is the replacement of batteries 

with environmental energy sources, which will be investigated in detail in the 

following sections. 

 

1.2. Ambient Energy Sources and Energy Harvesters 

 

Most well-known ambient energy sources include solar and wind energies which 

are used in diverse applications. Over the past decade, researchers’ major effort has 

been powering up autonomous sensors using various energy sources. Thomas et al. 

[8], reported an extensive study on powering small electric unmanned systems. 

Based on this study, energy for powering autonomous systems is categorized into 

five: radiant, mechanical, thermal, magnetic and biochemical. The most important 

concept on the choice of the ambient energy source depends on the energy density, 
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necessary for autonomous systems. Table 1.1 shows the power densities and 

transduction mechanisms of various types of energy sources [9-11]. The power 

density values for different energy sources are presented for 1-year and 10-year 

lifetime, separately. According to this comparison, it is clear that power density of 

ambient energy sources remains constant owing to their abundance in nature. 

However, for capacitive energy sources, significant decrease on power density is 

observed in long-term operation. Additionally, relatively low power density, need 

for replacement and dirt are their other disadvantages. As a result, for portable and 

wireless systems, ambient energy sources are more suitable compared to capacitive 

sources using electrochemical transduction. 

Table 1.1: Comparison of energy scavenging sources in terms of transduction mechanism 
and power density. 

Energy Source 
Transduction 

Mechanism 

Power Density 

(μW/cm3) 

1-year lifetime 

Power Density 

(μW/cm3) 

10-year lifetime 

Solar Photovoltaic 
15.000 sunny 

150 cloudy 

15.000 sunny 

150 cloudy 

Vibration 

Piezoelectric 

Electrostatic 

Electromagnetic 

4-800 4-800 

Temperature 

Gradient 
Thermoelectric 60 @ 5ºC gradient 60 @ 5ºC gradient 

Radio Frequency 

@2.4 GHz [35] 

Electromagnetic 

Induction 

400 @ 1 m 

15.8 @ 5 m 

400 @ 1 m 

15.8 @ 5 m 
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Fluid Flow Wind, Wave 

air: 200-800 

water: 500 

mW/cm3 

- 

Batteries (Lithium) 

(non-rechargeable) 
Electrochemical 89 7 

Batteries (Lithium) 

(rechargeable) 
Electrochemical 13.7 0 

Fuel Cells 

(methanol) 
Electrochemical 560 56 

 

In terms of power density and long lifetime photovoltaic cells are good candidates for 

wireless systems compared to other ambient energy sources. However, sunlight 

dependency is the main drawback of this energy source. Geographical locations and 

weather conditions have a great influence on the daylight intensity. Additionally, 

photovoltaic cells are not applicable to indoor applications. The operation principle 

and description of ambient energy sources are clarified in [4, 12]. Among these energy 

sources, vibration becomes prominent due to its abundance in nature, cleanness and 

relatively high power density. Vehicle and machine motions, human movements and 

any moving environmental sources are some examples of vibration sources. Most of 

the vibrations in nature occur at low frequencies (<10 Hz), hence efficient design for 

high power output is the main challenge of vibration based systems. 
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1.3. Vibration Based Energy Harvesting 

 

In vibration based energy harvesting, electrical energy is generated by the relative 

displacement of a moving structure with respect to stationary coil surface or 

capacitance plate. This is possible through three techniques; electrostatic (capacitive), 

piezoelectric and electromagnetic (inductive) energy harvesting. Various types of 

micro systems powered by using vibration based energy harvesting are reported in 

literature [13-15]. Therefore, feasibility of this type of energy harvesting is already 

proved. The aim of this study is to develop an energy harvester based on 

environmental vibrations, considering factors such as availability, abundance and 

feasibility. The types of vibration based energy harvesting are explained in detail in 

the following subsections. 

 

 

 

1.3.1. Electrostatic (Capacitive) Energy Scavengers 

 

Electrostatic (Capacitive) energy harvesting depends on the change in capacitance 

with an external vibration, which leads to separation of previously charged plates. 

Hence, mechanical energy is converted into electrical energy. The output voltage of a 

capacitance is basically denoted by    where, q is the charge and C is the 

capacitance, respectively.  

Depending on the function, capacitive energy harvesters are configured as both 

current and voltage sources. By keeping the charge on the plates or the voltage across 

the plates constant, capacitive energy harvesters operate as voltage or current sources, 

respectively. However, for both cases, additional sources are necessary. On one hand, 
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to design a harvester as a current source, voltage between the plates should remain 

constant, which is provided by external voltage sources. Then, capacitance change is 

balanced with the variation of the charge on the plates. On the other hand, to design a 

harvester as a voltage source, charge on the plates should be kept constant. In this 

case, an electret, which is a dielectric material having quasi-permanent electric charge 

on itself, is needed. For this type of usage, balance of capacitance change is provided 

by the voltage variation across the capacitor plates. Independent from the 

configuration used, an extra component is compulsory for proper operation of the 

capacitive energy harvesters. 

Electrostatic energy harvesters show better performance, especially in micro-scale 

[16]. Since this type of harvesters are suitable for low frequency and low amplitude 

vibrations. A MEMS based electrostatic energy harvester design is shown in Figure 

1.2. 

 

Figure 1.2: An electret based electrostatic energy harvester with top and side views [17]. 
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The design above is an example of an electrostatic harvester to be used as a voltage 

source. Another design for low frequency and high output performance is proposed 

by Naruse [18]. This generator provides 40 μW output power at 2 Hz and 0.4 g 

acceleration amplitude. 

Electrostatic energy harvesters are advantageous in terms of their low frequency 

performance and easy fabrication in micro-scale. However, their output power is not 

high enough. Additionally, the need for extra voltage or charge sources is another 

disadvantage of this type of harvesters. Our aim is to harvest high output energy from 

low frequency excitations. From this perspective, electrostatic energy harvesters are 

out of the scope of this thesis study. 

 

 

1.3.2. Piezoelectric Energy Scavengers 

 

Piezoelectric materials convert mechanical stress into electricity. The meaning of 

piezoelectricity is electricity resulting from applied pressure. This conversion between 

mechanical and electrical energy is a reversible process. That is, by applying electrical 

energy, physical form of the piezoelectric material can also be changed. The overall 

process explained above defines the operation principle of the piezoelectric energy 

harvesters. Figure 1.3 shows the schematic representation and operation of the 

piezoelectric energy harvester. 
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Figure 1.3: A piezoelectric cantilever energy and its response to the excitation [19]. 

 

There exist various studies in literature to investigate piezoelectric energy 

harvesters [19, 20]. This type of generators are advantageous in terms of their high 

energy densities. However, their fabrication is difficult and they have relatively low 

conversion efficiency. Also, material degradation is another drawback for this type of 

energy harvesters [21]. For high frequency vibration sources, piezoelectric energy 

harvesting is more suitable. Since we focus on low frequency excitation sources, the 

piezoelectric energy harvesting is out of scope. 

 

1.3.3. Electromagnetic (Inductive) Energy Harvesters 

 

Operation principle of electromagnetic (EM) energy harvesters is based on 

Faraday’s law of induction, which explains how electromotive force (emf) is produced 

by a change in the magnetic flux ( ) passing through a closed conductor. The 

generated emf, ε, across the coil is represented as: 

   (1.1) 
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In (1),  is the magnetic flux,  is the magnetic flux density,  is the area of the coil 

and  is time. Equation (1.1) can be used to express emf ε an across N-turn coil: 

     (1.2) 

where  is the magnetic flux for the  coil turn and  is the relative velocity 

between coil turn and the magnet. The flux variation  passing through each 

coil turn is different, which is taken into account in equation (1.2). 

Figure 1.4 shows the structure of the proposed EM energy harvester module. The 

harvester is composed of a fixed magnet attached to the bottom cap, a moving magnet 

in a cylindrical tube and a pick-up coil wound around the designated cavity on the 

tube. Magnets provide repulsive forces to each other, where the moving one stays at 

the equilibrium position as long as there is no disturbance. Environmental excitation 

causes an acceleration, which forces the moving magnet to relocate in the direction of 

excitation. Consequently, the spacing between the magnets changes and repulsive 

forces begin to accelerate the moving magnet. Therefore, the moving part of the 

system begins to oscillate inside the cylindrical tube. Electrical energy is generated 

across the coil terminals by magnetic induction, resulting from this relative motion 

between the coil and the moving magnet.  In other words, an external vibration in the 

direction of motion causes an alternating voltage induced on the coil due to the 

variation in the magnetic field. In the proposed structure, a periodic excitation is 

necessary for continuous power generation. 
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Figure 1.4: Schematic diagram of the proposed electromagnetic energy harvester. 

 

Among the three described harvesting techniques, the low resonance frequency due 

to high inertial mass and the low input impedance, which enables collection of almost 

all of the harvested voltage at the output, make EM harvesting technique the most 

attractive one. The electrostatic energy harvesting technique has main disadvantages 

compared to other ones. In this technique, output power density is relatively low and 

separate voltage source or electret is necessary for proper operation. These 

disadvantages make this technique unfavorable and dissatisfactory for our case. In 

terms of the induction mechanism, piezoelectric and electromagnetic energy 

harvesting techniques resemble each other. However, operation frequency of 

piezoelectric energy harvesters are relatively high compared to the EM energy 

harvesters. Additionally, conversion efficiency of piezoelectric energy harvesters are 

lower and their fabrication processes are more complex than that of EM harvesters. A 

good comparison study is performed by Poulin between piezoelectric and 

electromagnetic energy harvesting systems as shown Table 1.2 below. 
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Table 1.2: Comparison of electromagnetic and piezoelectric systems in terms of their 
operation specifications [22]. 

System Electromagnetic Piezoelectric 

   
Constraint Low High 
Displacement High Low 
Voltage Adjustable High 
Current Adjustable Low 
Resonance Frequency Adjustable High 
Output Impedance Resistive Capacitive 
Adapted Load Adjustable High 
   

 

Electromagnetic induction is the most appropriate technique to be used for macro-

scale, low frequency and high power density energy harvesting. According to the table 

above, excitation amplitude (displacement) is high and resonance frequency is 

adjustable. Additionally, output voltage and current is adjustable which means output 

power is also adjustable. Possible constraints are lower for EM energy harvesters 

compared to piezoelectric designs. Under the effect of these considerations, it is 

decided to investigate electromagnetic energy harvesting for high power and low 

frequency applications. 

 

1.4. Review of Electromagnetic Energy Harvesters 

 

The aim of this study is to harvest energy from low frequency and high amplitude 

vibration sources. Based on this, electromagnetic induction technique is chosen, which 

best suits our considerations. There exist several studies in literature. These studies 

are subdivided into two categories as micro-scale and macro-scale energy harvesters. 

In order to provide an alternative for batteries and power sources, macro-scale EM 

energy harvesters are considered since the output power of micro-scale designs are 

not sufficiently high. For the macro-scale designs, depending on the vibration nature, 
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the designs are categorized in again two groups, linear and nonlinear EM energy 

harvesters. For all types of EM harvesters, fixing natural frequency of the harvester 

with the ambient vibration frequency is the main challenge. The reason behind this is 

that most of the vibrations in nature exist within the low frequency band (< 10 Hz).  

Portable autonomous systems require miniaturized harvesters, which are 

functional at low-frequency ambient vibrations.  However, they should be well-

optimized to operate efficiently with these size and frequency limitations [23, 24].  

Several attempts have been reported in the literature for EM energy harvester 

optimization.  Cepnik et al. [25], obtained a mathematical model of an EM energy 

harvester, where the harvester is optimized by considering this model and utilized coil 

parameters to achieve maximum output power. The proposed generator has 20.6 μW 

output power at 50 Hz with 1 g acceleration amplitude. In the model, instead of single 

magnet structure multiple magnets are used as shown in the Figure 1.5. 

 

 
Figure 1.5: Picture and drawing of the prototype design [25]. 

 

In this model, output power is tried to be maximized by increasing magnetic flux 

passing through coil surface. In this AA battery sized design, the multiple magnets are 

placed as their poles face with each other. The facing poles results in larger magnetic 

flux gradients and so output power is maximized. 
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Shahosseini et al. proposed a hallbach array structure for the power optimization of 

the EM energy harvester [26]. The design is in volume of 53 cm3 (D-type battery) and 

capable of generating 15 mW power with 0.8 g excitation amplitude at 8 Hz frequency. 

The design with cylindrical hallbach array is as shown in Figure 1.6. 

 

 
Figure 1.6: Single cylindrical and double-concentric hallbach array of D-cell sized design. 
[26]. 

 

In the design above, quite different magnetic configuration is proposed. With this 

structure, compared to single magnetic structure, at least three times greater magnetic 

flux density is observed. The reason behind this improvement is contribution of radial 

flux density to axial one which cannot be observed with single magnetic structure. 

 

The study presented by Munaz et al. includes modeling and optimization of a non-

resonant EM harvester, where the results are verified through experiments [27]. The 

volume of the proposed design is 30 cm3 which can generate 4.84 mW output power 

with 2 g excitation amplitude and 6 Hz resonance frequency. The FEA analysis of the 

model with magnetic field and flux lines is as shown in Figure 1.7. 
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Figure 1.7: FEA model of the design proposed by Munaz with magnetic flux lines [27]. 

 

The model above consists of four single magnets where they are attached to each other 

in axially oriented way. When flux lines are investigated at the pole faces, it is 

observed that significant flux changes occur at these points.  

There exist several studies in literature to increase magnetic flux gradients by 

oppositely facing magnets. However, magnetic flux improvement is not the only way 

to harvest maximum power from the environment. The nature of excitation is also 

important and there are also non-resonant vibrations in the environment. Human body 

vibrations are good example to these kind of excitation sources and several studies are 

performed on this topic. Rao et al. focused on human body vibrations and proposed 

an EM energy harvester model as shown in Figure 1.8. 
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Figure 1.8: Non-resonant EM energy harvester design with top and side views [28]. 

 

In this model, a spherical magnet is used since the direction of motion generated by 

human body can exist in all x, y and z directions. Also, rechargeable battery is attached 

and overall system has 100 cm3 volume. System operates at low frequency band (1-6 

Hz) and capable of generating 3 μW/cm3 power density.  

 

Similar to the human body vibrations, Fondevilla et al. concentrates on vibration 

created by ocean, wind and tides. To provide suitable design for randomness of these 

vibrations, spherical magnet and cylindrical coil is used as depicted in Figure 1.9.  

 
Figure 1.9: Schematic description of the EM harvester design proposed by Fondevilla [29]. 
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Inclination angle changes with the vibrations, which leads movement of the spherical 

magnet inside the tube.  The rotation of the magnet, while it is in motion, changes 

magnetic flux passing through coil surface and voltage is induced between the coil 

terminals. 

 

Vibration generated from the cars and vehicles exists whenever they are in motion. 

From instrument panel to the engine compartment, vibration is continuous, high 

frequency and high amplitude. Bonisoli et al. presents a novel design by the 

consideration of vibration existed on the wheels of the cars. The design is as illustrated 

in Figure 1.10. 

 

 
Figure 1.10: The EM energy harvester design to be attached on the wheels and operation 
principle [30]. 

 

The harvester is attached on the wheel as shown on the above and whenever harvester 

hits the ground oscillation occurs. Because the excitation amplitude is so high bumpers 

are attached to the bottom and top cap or the tube. Depending on the velocity of the 

car, applied excitation frequency changes. Therefore, tuning the device for appropriate 

velocity is easily adjustable. 

Vibration generated by vehicle suspension is also important energy source for EM 

harvesters. Li [31] performs a study to convert vibration existed on vehicle suspension 

into electricity. According to the design, around 20 W energy is harvested from one 
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shock absorber, while the vehicle is being driven at 48 km/h. Another model for bridge 

monitoring application is designed and proposed with fabrication and experimental 

verification by Khan [32]. In the model, both PCB fabricated and wound coils exist 

where magnets are placed onto the Latex membrane. The elements used in this design 

is not familiar with the conventional EM energy harvesters. However, operation 

principle is based on Faraday’s Law of Induction as in general. The resultant output 

power of 18 mm x 18 mm harvester is 4 μW at 27 Hz with 3 g excitation amplitude. 

Many of the studies in literature are based on vibration characteristics, which are 

ambient in nature. Belonging to the continuity of the vibration, EM harvesting devices 

are modified as observed from the studies explained up to now. For the designs, 

frequency and amplitude of the sources are the two main quantities to designate how 

to design the EM energy harvester. Najafi et al. summarizes the ambient vibration 

sources and miniature microsystem energy harvesting devices by presenting their 

relation on the graph shown below [23]. 

 
Figure 1.11: Acceleration vs frequency characteristics of vibration sources, found in various 
applications, and types of energy harvesters designed for these sources [23]. 
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According to the figure above, there are not any designs for low frequency vibrations. 

The reason behind this is that the figure indicates microsystem applications. 

Especially for micro-scale designs, it is difficult to benefit from low frequency 

vibrations. Therefore, studies are concentrated on higher frequencies. However, for 

macro-scale case, frequency and acceleration range of the vibration sources given in 

the figure provide beneficial information to the low frequency designers. Addition to 

this study, Roundy presents acceleration and frequency values of the common ambient 

vibration sources in tabular form as shown in Table 1.3 [9]. 

 
Table 1.3: Ambient vibration sources with acceleration amplitude and excitation frequencies. 

Vibration Source   

   
Car engine compartment 12 200 
Base of 3-axis machine tool 10 70 
Blender casing 6.4 121 
Clothes dryer 3.5 121 
Person nervously tapping their heel 3 1 
Car instrument panel 3 13 
Door frame just after door closes 3 125 
Small microwave oven 2.5 121 
HVAC vents in office building 0.2-1.5 60 
Windows next to a busy road 0.7 100 
CD on notebook computer 0.6 75 
Second story floor of busy office 0.2 100 
   

 

Belonging to the table above, human body movement and car instrument panel are 

main vibration sources for low frequency designs. Appliances, buildings and civil 

infrastructures are also considerable source of vibrations. These examples are the 

proof of the fact that most of the vibrations in the environment have low frequency 

property. This is one of the reasons why low frequency vibrations are investigated in 

this thesis study. 

Optimization studies in literature, mostly depend on maximizing output power 

through magnetic field and proper design for proper vibration characteristics. 
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Optimization through mathematical representations is also a popular idea. However, 

these studies do not focus on decreasing the operation frequency or optimizing the 

inertial mass of the harvester to get maximum performance at low frequency 

vibrations.  Besides, most of the vibrations occur at low frequencies in nature, which 

makes optimizing the resonance frequency of the harvester a keystone for maximizing 

the output power. In this thesis study, optimization is performed on output power, 

resonance frequency and size of the harvester. In the next section, the aim of this thesis 

study is explained in detail. 

 

1.5. Objective of the Thesis Study 

 

The purpose of this thesis study is to design, fabricate and test low frequency and 

high power output EM energy harvester for wireless system applications. The device 

dimension is limited with 8 cm3 to make the design convenient for portable systems. 

Similarly, targeted excitations are ambient ones which exist in low frequency level (< 

10 Hz). With these limitations, the aim is to harvest larger output voltages at low 

excitation amplitudes and frequencies with smaller volume structures (< 8 cm3). 

Under the consideration of the studies reviewed in the previous section, the objectives 

of this thesis study is listed as, 

1. Design, fabricate and test the macro-scale EM energy harvester, 

2. Optimize the parameters to maximize the output power, 

3. Modify the internal structure of the harvester to get larger output voltage, 

4. Improve low frequency performance of the harvester with novelty, 

5. Present proper designs for several vibration types available in the environment, 

6. Provide linear and nonlinear designs suitable for ambient vibration 

characteristics, 

7. Generate a model to predict resonance frequency of the device via simulations, 
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8. Introduce AA battery sized EM energy harvester design operating at low 

excitation frequency & amplitude. 

The objectives were determined during the literature survey. There are many 

macro-scale EM energy harvester designs, operating at low frequencies. Additionally, 

very few optimization studies exist to decrease resonance frequency of the harvester. 

Device dimension plays a critical role on the resonance frequency of the EM energy 

harvester. There are few examples of low frequency harvester designs in smaller 

volume. As concluded in the previous section, for microsystems there exists no 

electromagnetic energy harvesting study for low frequency vibrations. Since the 

device dimensions are scaled down, interaction between the magnets increases, which 

yields to a greater stiffness and a higher resonance frequency. In literature, resonance 

frequencies of the harvesters are predicted using several assumptions and basic 

mathematical calculations. There is no proper model available for the detection of 

resonance frequency. This problem is attempted to be solved via a simulator generated 

using MATLAB. With this simulator, the actual motion of system is simulated and 

the actual resonance frequency is predicted. Working principle of the simulator is 

explained in detail in Chapter 3. 

 

1.6. Outline of the Thesis 

 

In this chapter, energy necessity of the wireless sensor systems is discussed. By the 

electromagnetic induction technique, energy is planned to be supplied to these systems 

for their continuous operation. Several electromagnetic energy harvesting studies are 

analyzed. According to the weak and the strong sides of these studies, design 

objectives of the harvester, to be proposed in this thesis, are prepared.  

In the second chapter, theory behind the electromagnetic energy harvesting is 

explained. To maximize output power, several designs are proposed with the help of 
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theoretical knowledge and mathematical expressions. These designs are investigated 

via simulations conducted on COMSOL Multiphysics.  

One of the main weaknesses of the EM energy harvester design is the prediction of 

the resonance frequency. Chapter 3 presents a new analysis method and a simulator 

to detect the resonance frequency of the harvester before fabrication and experimental 

tests. 

Chapter 4 is the experimental validation process of the simulations performed in 

the second and the third chapters. Initially, the fabrication and the test setup for EM 

energy harvester are explained. Then, the performance analyses of the harvesters are 

provided through experimental results. Finally, similar sized EM energy harvesters 

existing in the literature are listed and an overall performance comparison is 

demonstrated in tabular form. 

The thesis studies are summarized in Chapter 5 with concluding remarks. Future 

works to be performed under this thesis subject are recommended at the end. 
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CHAPTER 2 

 

 

DESIGN MODELLING AND SIMULATION 
 

 

 

One of the aims of this thesis study is to present a device that converts vibration 

into electricity by using electromagnetic energy harvesting. The conversion is 

provided by Faraday’s Law of Induction. This law bases on magnetic flux variation 

passing through a closed conducted. To achieve this, relative motion between a 

magnet and a coil is used in electromagnetic harvesting technique. With this relative 

motion, continuous magnetic flux change on the coil surface is achieved. Depending 

on the vibration characteristics, several designs are presented in literature. These 

designs are categorized as linear and nonlinear energy harvesters. Within the scope of 

this thesis study, different designs are presented according to the usage area of the 

harvesters. 

In this part, theory behind the design of the EM energy harvesters is explained. 

Initially, theoretical knowledge on EM energy harvesters is given. Then, mathematical 

modelling of the system is presented. With respect to this model, how system 

parameters affect output power is studied. Finally, theoretical and mathematical 

information are combined and several designs are proposed. Analyses of these designs 

are performed by simulations, conducted via COMSOL Multiphysics. 
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2.1. Properties of Magnetic Levitation System 

 

Magnetic levitation is a terminology, which represents macro-scale 

electromagnetic energy harvesting. In this section, general information about 

magnetic levitation system is given. These systems are classified in two groups 

namely, resonant (linear) and non-resonant (non-linear) EM energy harvesters. 

Initially, working principles of the linear and the non-linear EM energy harvesters are 

explained. Then, their advantages and disadvantages are compared. Finally, why we 

prefer to design non-linear energy harvesters rather than linear ones is explained. 

 

2.1.1. Linear & Non-linear EM Energy Harvesters 

 

In the design of EM energy harvesters, maximum output power is achieved by 

tuning resonance frequency according to the frequency of ambient vibrations. 

Similarly, linear EM energy harvesters are design to harvest energy from certain 

vibrations. Therefore, the frequency band of linear energy harvesters are narrow and 

specific for certain vibrations. In general, proposed linear EM energy harvesters are 

in micro-scale. For micro-scale designs, in order to maximize output power following 

methods are used: maximize inertial mass, minimize mechanical losses and increase 

the bandwidth of the harvester [33]. With these considerations, several designs and 

optimization strategies are presented. As a design example, in [34], rotary EM energy 

harvester design is preferred for high-power density acquirement. Apart from this, 

optimization procedure to maximize output power is presented in [35]. In this study, 

linear EM energy harvester is described by basic equations and optimization is 

performed by mathematical calculations. 

In optimization of linear EM energy harvesters, researchers realize non-linear 

effects of the harvesters. In fact, these non-linear effects are deeply analyzed to 

maximize output power of the designs. Besides, some of the environmental vibrations 
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show non-linear characteristic such as wind, wave and human body sources. The 

frequencies of this kind of vibrations are changeable, so linear energy harvesters are 

not suitable due to their narrow bandwidth. As a result, all these facts turn the idea of 

the designers to non-linear energy harvesters. 

The stiffness of the designs determines the linearity and non-linearity of the 

harvesters. In literature, several studies are presented to show benefits of the non-

linear devices [36, 37]. Additionally, a significant performance comparison between 

linear and non-linear energy harvesters is provided by Mann and Sims as shown in 

Figure 2.1. 

 

Figure 2.1: Frequency response curves of the relative velocity for the non-linear and a linear 
oscillator for several excitation amplitudes, (a) 0.1m/s2 (b) 2m/s2 and (c) 4 m/s2 [6, 38]. 
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According to the figure above, performances of both of the oscillators are nearly same 

up to certain level of excitation amplitude. With the increase in amplitude, both of the 

designs give positive reaction at the output. However, for non-linear energy 

harvesters, better output performance is observed with increase in resonance 

frequency. The reason behind these facts is the non-linear response includes 

harmonics. 

 

2.1.2. Preference of Non-linear Systems 

 

Up to now, general information about the EM energy harvesters is given. At this 

point, design process begins with the choice of non-linear EM energy harvesting. The 

advantages of non-linear systems compared to linear ones are listed below, 

- Provides larger output voltages compared to exactly same linear designs [38]  

- Frequency bandwidth is larger 

- Resonance frequency of non-linear systems is tunable with excitation 

amplitude 

- Larger excitation amplitudes increases bandwidth 

- Linear harvesters are generally in micro-scale, which results in design 

challenges. 

Additionally, any fabrication error on dimensions leads to another resonance 

frequency for linear systems [39]. 

In the following sections, optimization procedure is explained. Several designs are 

proposed to maximize output performance of the harvester. In the meantime, harvester 

system is mathematically modelled to see the effect of design parameters on the 

output. 
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2.2. Modeling of Magnetic Levitation System 

 

In this section, how to model the magnetic levitation system is explained. Initially, 

the system is mathematically represented. The aim here is to define system parameters 

clearly. Then, effects of these parameters on the output is observed. By doing so, 

priorities on optimization process are defined and ordered. At the end of this section, 

our milestones on the design of EM energy harvester is prepared step by step. 

 

2.2.1. Mathematical Representation of the System 

 

The EM energy harvesting systems are mathematically represented as second order 

spring, mass, damper system as illustrated on Figure 2.2. 

 

Figure 2.2: (a) Schematic diagram of electromagnetic energy harvester. (b) Model of the 
resonant electromagnetic energy generator. 
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In the figure above, interaction between the fixed and the moving magnets is 

resembled to a mass spring system. The repulsion between magnets are modeled with 

virtually assigned spring and  represents stiffness of this spring. Addition to 

magnetic forces, there exist gravitational and damping forces. The gravitational force 

is related with the weight of the mass and always constant. During the oscillation, the 

moving part feels force opposite to its direction of movement. These forces are called 

damping forces and they are taken into account in the model with the damping 

constant . The damping has two coefficients namely, electrical and mechanical 

damping coefficients. The electrical damping exists due to Lenz’s Law, which states 

that when an emf is generated on closed conductor by magnetic variation, a current 

exists to oppose that magnetic flux change. This existing current creates a mechanical 

force to resist the motion. For EM energy harvesters, generated voltage is in mV to V 

levels where internal resistance is in Ω to kΩ levels. Therefore, generated current is 

in μA to mA levels so electrical damping contribution is negligible compared to 

mechanical damping force. The mechanical damping is created by air friction (drag) 

force. At this point, damping and magnetic forces become mathematically 

representable. Apart from these, acceleration of the moving part is determined by law 

of inertia. All of these forces are result of applied excitation. To represent whole 

system mathematically, force balance equation is written as shown below. 

    (2.1) 

     (2.2) 

  (2.3) 

With the equation (2.3), the motion of the moving part is mathematically represented. 

Here,  represents mass of the magnet,  represents stiffness of magnetic force and  

represents the damping constant. 

In the following section, output power of the system is derived from Faraday’s 

Law of Induction. Then, parameters effecting output power is analyzed. 
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2.2.2. Effect of System Parameter on Output Power 

 

Operation principle of electromagnetic (EM) energy harvesters is based on 

Faraday’s law of induction, which explains how electromotive force (emf) is produced 

by the changing rate of magnetic flux ( ) passing through a closed conductor. 

The generated emf,  across the coil is represented as: 

   (2.4) 

In (4),  is the magnetic flux,  is the magnetic flux density,  is the area of the coil 

and  is time. Equation (1) can be used to express emf ε an across N-turn coil: 

     (2.5) 

where  is the magnetic flux for the  coil turn and  is the relative velocity 

between the coil turn and the magnet. The pick-up coil is wounded around a cavity 

and some of the turns are wounded on top of previously wounded ones. Therefore, 

some of the turns have larger surface area. As e result, the flux  passing through 

coil is not same for each turn because area of the turns are different.  Hence, the 

generated voltage  is represented as a summation of voltage generated on each coil 

turn. Harvesting larger output power is aimed, while designing the EM energy 

harvester. Output power  is given in (2.6), where  and  are coil and 

load resistances of the harvester, respectively. 

  (2.6) 

According to the equation (2.6), effect of the system parameters on output power is 

defined as follows; 

� Coil resistance should match with load resistance. 

� Magnetic flux variation on z axis should be maximized. 
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o Larger sized magnets provide larger magnetic flux gradients. 

� Number of coil turns should be well defined.  

o Increase in number of coil turns result in larger coil resistance. 

o Maximum coil turn should be achieved with minimum usage of copper 

wire. To do so, coil should be wounded around smaller diameter tube. 

� Relative velocity between coil turns and the magnet should be maximized 

o Enough distance should be provided to the moving part. 

o Stiffness of the system should be well defined. Otherwise, oscillation 

distance reduces. 

The analyses above states that any improvement on each of the parameter shows 

adverse effect on the other ones. As an example, number of coil turns is directly related 

with coil resistance, where number of the turns has positive and coil resistance has 

negative effect on output power. Similarly, in order to make coil resistance as small 

as possible, diameter of the harvester should be decreased. Then, magnet sizes and 

magnetic flux gradients decreases. On the contrary, increase in magnet size results in 

greater stiffness value, which restricts oscillation distance on the moving part. In 

conclusion, under the effects of several design parameters, optimum design is 

provided. The design procedure is explained in the next section. 

 

2.3. Analysis and Simulation Results of Proposed System 

 

The following rules should be applied in order to maximize the power generated 

by an EM harvester [41]: 

i. Spring constant, , should be set in a way that resonance frequency of 

the system becomes equal to the excitation frequency. 

ii. Damping and stray losses should be as small as possible 

iii. Mass of the moving part, , should be as large as possible 

iv. Load impedance  should match source impedance . 
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It is clear from equation (2.6) that the position of the coil, the number of turns and the 

coil size directly affect output power as well as the magnetic field. The position of the 

coil is related to the relative motion between the coil and the magnet. Harvested power 

is proportional to the square of the number of coil turns. However, increasing the 

number of coil turns increases the coil resistance, which decreases the output power.  

Therefore, there is a trade of between the number of coil turns and the coil resistance. 

Summarizing, the harvested power of the electromagnetic induction device is 

controlled by three main factors [26]: 

i. Coil parameters (number of turns, resistance, position, etc.) 

ii. Relative motion between the coil and the magnet 

iii. Flux linkage  

Above factors support the mathematical expression in (2.6), where matching source 

and load impedances maximizes the second term. Square of the flux linkage and the 

number of turns are directly proportional to the output power. Moreover, the relative 

motion between the coil and the magnet is represented as , as stated before.   

Our aim is to harvest larger output power at low excitation frequencies with 

compact structures (< 8 cm3). In our previous work [42], natural frequency of the 

system is formulated as  , where  is the stiffness of the system 

and  is the mass of the moving part. The natural frequency decreases by adding a 

non-magnetic mass to the moving part. The additional mass does not affect the 

stiffness , where it increases the total mass of the system . Consequently, the 

natural frequency of the system decreases. With the underlined design considerations, 

several optimization procedures are executed on the previously designed EM energy 

harvester to provide maximum output power.   

Various magnetic structures are analyzed for macro-scale energy harvesters: 

single-magnet (Figure 2.3(a)), magnet with inertial mass (Figure 2.3(b)), inertial mass 

in between axial magnets (Figure 2.3(c)), and ferromagnetic spacer between 

oppositely faced magnets (Figure 2.3(d)). In Figure 2.3, harvesters’ volume is 7 cm3 
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with 14 mm diameter and 46 mm height. Cylindrical magnets used in the moving parts 

have 5 mm diameter, various heights and 1.2 T axial magnetization.  By increasing 

the height of the single-magnet in Figure 2.3(a), the output power is expected to 

increase due to the increase at the flux linkage. Simultaneously, an increase in the 

magnet height leads to an increase in the magnetic stiffness , which has an adverse 

effect on the resonance frequency. According to (2.3), the relative velocity between 

the coil and the magnet has a significant effect on the output power as the flux linkage. 

However, an increase in the magnet height reduces the displacement of the moving 

part, as well as the relative motion between the magnet and the coil.  Figure 2.3(b) 

presents a solution to this problem by adding a tungsten inertial mass to the moving 

part. In [42], it is underlined that instead of increasing the magnet height, addition of 

a tungsten inertial mass to the magnet yields to better results at the output, at lower 

excitation frequencies. In contrast, increased height results in larger flux linkage 

leading to greater repulsive forces and larger stiffness. Thus, larger amplitude 

excitations are necessary to overcome these repulsive forces. Additionally, higher 

repulsive forces reduce the amplitude of oscillation. To remove all these negative 

effects, a tungsten inertial mass, due to its higher density, is attached to the moving 

part. By doing so, the oscillation distance is protected, the resonance frequency is 

lowered and the output power is increased. 
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Figure 2.3: Schematic models of analyzed magnetic structures: (a) single-magnet, (b) magnet 
with inertial mass, inertial mass between (c) axial & (d) oppositely faced magnets. 

 

The shape of our previously designed energy harvester is not suitable for 

improvements since its height is not sufficiently large. Therefore, any addition to the 

moving part or an increase in the magnet height restricts the amplitude of the 

oscillation. To achieve improvements, dimensions of the harvester are modified, that 

is its diameter is reduced (20 mm to 14 mm) and its height is increased (20 mm to 46 

mm), which is close to a regular AA-sized battery dimensions with a 7 cm3 volume. 

At the beginning of the study, the moving magnet dimensions and the coil parameters 

are determined through FEA performed using COMSOL Multiphysics. The height 

and the width of the magnet are determined according to the magnetic flux density 

norm calculated through simulations. The largest magnetic flux linkage occurs at the 

corners of the magnet as shown in Figure 2.4.  
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Figure 2.4: (a) 3D view of the finite element model, showing magnetic flux density norm of 
stationary magnet (Ø: 2.5 mm h: 3 mm) at z=0. (b) Variation of magnetic flux density norm 
on the coil surface with magnet displacement. 

  
A magnet with 3 mm height is placed at z = 0. In Figure 2.4(b), it is observed that the 

maximum value of the magnetic flux density occurs at z = 1.5 mm, which corresponds 

to the corner of the magnet. In order to observe the magnetic flux variation more 

clearly, simulations are performed, when magnet corner and coil surface are at the 
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same position. Figures 2.5(a) and 2.5(b) present the magnetic flux density norms of 

the magnets with different heights, where magnet diameter is randomly set as 6 mm. 

 

 

 

Figure 2.5: (a) Magnetic flux density norm change on the coil surface. (b) Variation of the 
magnetic flux density norm on the coil surface with the increasing magnet height. 

 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

M
ag

ne
tic

 F
lu

x 
D

en
si

ty
 N

or
m

 (T
)

Radial Distance from Coil Center  (mm)

6 mm

5 mm

4 mm

3 mm

2 mm

1 mm

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

3.5 4 4.5 5 5.5 6 6.5 7

M
ag

ne
tic

 F
lu

x 
D

en
si

ty
 N

or
m

 (T
)

Radial Distance from Coil Center (mm)

2 mm - 1 mm

3 mm - 2 mm

4 mm - 3 mm

5 mm - 4 mm

6 mm - 5 mm

(a) 

(b) 



36 
 

Magnet height affects flux linkage and oscillation distance simultaneously by 

providing a trade-off, where both have the same influence on the output power. Figure 

2.5(a) presents magnetic flux change on a virtually assigned coil surface with respect 

to the magnet height. Difference of the flux density between several heights can be 

observed more clearly in Figure 2.5(b). As magnet height increases, the resultant 

magnetic flux change dramatically decreases, especially at smaller radial-coordinate 

values of the coil surface. Considering the magnets with 3 mm and 6 mm height, the 

magnetic flux density variation on the coil surface is at most 0.05 T. In other words, 

duplication of magnet height results in only a 0.05 T magnetic flux contribution.  

Therefore, as concluded in [42], instead of increasing the magnet height of a single-

magnet structure, using the modified structures is more effective for both higher 

output voltage and lower resonance frequency. In [25], it is stated that the output 

power of the harvester can be increased by modifying the geometry. In the system, 

magnets in the moving part are placed in such a way that poles provide repulsive 

forces to each other. The design, where magnets provide repulsive forces to each other 

is better by a factor of 2 compared to the single-magnet structure in terms of magnetic 

flux density [26]. Similarly, in [40, 43], a modification is done by axial orientation of 

the magnets to provide repulsive forces to each other. Maximization of magnetic flux 

density is easier by repulsive forces compared to attractive forces. Therefore, modified 

structures are preferred as illustrated in Figures 2.3(c) and 2.3(d). Height of the 

moving magnet to be used in these modified structures, is determined as 3mm 

according to the results of the analysis on Figure 2.4.  

The total diameter of the system includes the magnet diameter and the coil 

thickness. The trade-off between the diameter of the magnet and the coil thickness is 

analyzed in terms of magnetic flux density via COMSOL as shown in Figure 2.6. 
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Figure 2.6: Variation of the magnetic flux density norm on the coil surface with the change in 
the magnet radius. 

 

Radial-coordinate of the harvester is 7 mm, which is also limited by the 0.5 mm air 

gap and the 0.5 mm container thickness. With 60 μm diameter copper coil, it is 

possible to wound 345 coil turns at a 1 mm thick 3 mm long coil cavity. Area under 

the curves presented in Figure 2.6 and the resulting coil turns are listed in Table 2.1. 

Note that, larger sized magnets provide larger magnetic flux as expected. On the 

contrary, flux change rates significantly reduce with increasing the size. Output 

voltage is directly related to the product of the flux change and the magnet velocity. 

Assume that in the next position of the magnet, a 10% percent decrease in magnetic 

flux is observed on coil surface. It is already concluded that, the magnetic flux change 

with position for larger sized magnets are lower compared to smaller sized magnets. 

By assuming 10% percent reduction for all cases, the worst case assumption is 

performed for smaller radius magnets. Additionally, velocity of the moving parts is 

the same for all cases. As a result, resultant output voltage can be calculated between 

the two consecutive positions of magnet. Results clearly demonstrate that the number 

of coil turns has a greater effect on the output power compared to the magnetic flux 
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variations. With optimum result consideration, coil thickness and magnet diameter are 

assigned as 3.5 mm and 5 mm, respectively. 

Table 2.1: Comparison of magnet and coil parameters according to their effect on output 
voltage 

Coil 
Thickness 

Number of 
Coil Turn 

Magnet 
Radius 

Area Under 
the Curve 

4.0 mm 1370 2.0 mm 0.00166 T 
3.5 mm 1200 2.5 mm 0.00189 T 
3.0 mm 1030 3.0 mm 0.00206 T 
2.5 mm 860 3.5 mm 0.00220 T 
2.0 mm 685 4.0 mm 0.00232 T 
1.5 mm 515 4.5 mm 0.00239 T 
1.0 mm 345 5.0 mm 0.00243 T 

 

Coil length also has a significant effect on the number of coil turns. Coil length 

simulations are completed by using the ‘Induced voltage of moving magnet’ model of 

COMSOL. Several excitation amplitudes at 8 Hz are applied to the model with various 

coil lengths. The proper coil length for the proper excitation amplitude is determined 

in terms of the resultant output power. Figure 2.7 shows the effect of coil length on 

the output power for several excitation amplitudes. 
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Figure 2.7: Calculated output power for various coil lengths at low frequency (8 Hz) 
vibrations. 
Figure 2.7 indicates that at low vibration amplitudes the 3 mm coil length best suits 

for maximum output power requirement. When the excitation amplitude increases, the 

coil length for maximum power also increases. Aim is to design a harvester to operate 

at low frequency and low excitation amplitude vibrations (< 4 mm & < 10 Hz), for 

which coil length should be 3 mm. Design specifications of the moving magnet for an 

AA battery sized energy harvester are presented in tabular form in Table 2.2. 

Table 2.2: Design specifications of the moving magnet for low frequency and low excitation 
amplitudes 

Parameters Values 
Magnet Diameter 5.0 mm 

Magnet Height 3.0 mm 
Coil Thickness 3.5 mm 

Coil Length 3.0 mm 
Coil Turns 1200 

 

Analyses show that for an AA battery sized design at low amplitude excitations, 5 

mm diameter and 3 mm height magnet best suits to modified structures. With various 

modifications on the moving part, more efficient results at the output can be observed.  
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Figure 2.3(c) illustrates a tungsten inertial mass in between the two magnets. With 

this approach, twofold magnetic flux existence is expected in one turn of periodic 

motion. To do so, the sinusoidal wave at the output voltage in one period of time is 

expected to be doubled. Tungsten mass provides a connection between the magnets 

and increases the mass of the moving part. Additionally, due to its nonmagnetic 

nature, the interaction between the magnets is expected to reduce. Otherwise, the 

results would be worse than the structure with increased magnet height. In literature, 

it is stated that, repulsive forces results in larger magnetic flux density norms [25-

26,40,43]. In Figure 2.3(d), the magnetic flux passing through the coil surface is 

expected to increase with opposite orientation of the magnets. To validate the 

expectations, a magnetic field analysis is performed for three different structures via 

COMSOL Multiphysics. Two of the magnetic structures in Figure 2.8 (c) and (d) 

resemble the models in Figure 2.3 (c) and (d), where the ones in Figure 2.8 (a) and (b) 

are as in Figure 2.3 (a) and (b), respectively. All these structures have the 5 mm 

diameter and a total thickness of 10 mm.  

 

Figure 2.8: Finite element analysis results showing flux lines for (a) single-magnet, (b) inertial 
mass placed on top of magnet, inertial mass placed between (c) axial & (d) oppositely faced 
magnets. 
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Figure 2.9 indicates magnetic flux density norm of the moving structures, displayed 

in Figure 2.8, on the coil surface, which is virtually placed at z = 0. 

 

Figure 2.9: Plot of the magnetic flux density norm along the radial component of the coil 
surface. 

 

In [44], it is stated that for larger output power it is necessary to get larger magnetic 

flux gradients, which is easily provided by repulsive forces. Magnetic flux gradients 

shown in Figure 2.9 support this idea. Instead of a single magnetic structure, modified 

structures provide larger flux gradients. According to the Figure 2.9, 4 mm height 

tungsten with 6 mm height magnet system provides greater magnetic flux change 

compared to other ones. However, this is due to the fact that coil is placed at z = 0 

which is very close to the magnet corner. If the coil is placed in between the edges of 

the magnet (just like other systems), axially oriented system provides the greatest 

magnetic flux change. With this consideration, optimization analysis using COMSOL 

concludes that the best design for maximum output power is the oppositely oriented 

magnetic structure shown in Figure 2.3(d), especially for low frequency and low 

excitation amplitude applications.  
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In our previous work, only one fixed magnet is placed to the bottom cap to increase 

the displacement of the moving part. Compared to both ends-fixed magnet system, the 

resonance frequency is lower and the displacement of the moving part is greater. In 

this case, magnetic stiffness of the system decreases, and consequently the resonance 

frequency reduces as emphasized in [40]. Apart from this, for EM energy harvesters, 

very few studies are performed on coil optimization [42-43,45]. In the Chapter 4, 

experimental verification of the coil optimization is explained. 

 

2.4. Conclusion 

 

In this chapter, design procedure of the EM energy harvester is explained. 

Compact EM energy harvester design, capable of providing high output power at low 

frequency and low amplitude excitations, is aimed. 

Initially, system is mathematically represented to analyze effects of input 

parameters at the output. Then, this analyses are combined with our previous work 

and literature survey. By doing so, design steps are determined and modelling begins. 

In the modelling section, simulation analyses are performed via COMSOL 

Multiphysics. According to the simulation results, magnet dimensions and coil 

parameters are determined. Each of the parameters related with the moving magnet 

and coil, are deeply studied with several simulations and calculations. Additionally, 

several studies from literature are taken into account in the determination of these 

parameters. 

In order to optimize design, four different moving magnet structures are proposed. 

From the first to the last, developments and improvements are applied to the moving 

magnet. In Chapter 4, similar process is performed by experimentally.  The analyses 

in this design and modelling section is experimentally validated. 
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CHAPTER 3 

MATLAB SIMULATOR 

In this chapter, resonance frequency detection techniques for the proposed 

generator designs are explained. Initially, the operation principle of the simulator is 

described. Then, two different techniques are proposed referring to operation 

principle. Finally, resonance frequencies of several designs are estimated with the 

output of simulator model. 

3.1. Operation Principle of the Simulator 

Resonance frequency is one of the main design parameters of EM energy 

harvesters. The resonance frequency of the energy harvesters are estimated through 

the analysis of output voltage versus frequency plot. In practice, excitation comes and 

under the effect of magnetic forces, the moving part of the system begins to oscillate. 

In order to simulate this action via COMSOL, excitation should be applied to the 

overall system and resultant motion of magnet should be recorded. However, expected 

motion cannot be simulated in COMSOL. Since motion can be assigned only one 
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component of model providing that other ones should remain stationary. Therefore, 

FEA through COMSOL is inadequate to model the operation of EM energy harvester. 

Consequently, simulator design is necessary to solve this problem so that frequency 

response of generators to the applied excitation can be recorded. According to the 

records, resonance frequency of the harvester can be determined and design will be 

performed belonging to ambient energy source frequencies. 

Motion of the moving part under the effect of acceleration, damping and magnetic 

forces is already formulized in literature. With the applied excitation, magnet feels 

acceleration and moves out of equilibrium position. At that instant, distance between 

the fixed and the moving magnets changes. Hence, magnetic forces begin to act on 

the moving magnet and affect its motion. Whole process repeats itself with the 

excitation frequency and continues to the end of the excitation. This process for each 

period of time is modeled by using MATLAB.  

System begins its operation with sinusoidal excitation. Initially, input should be 

sampled to detect the response of the moving magnet at the first instant. Between the 

first and the second sampled points of input, acceleration is assumed as constant. 

Then, for the next point, forces acting on the moving magnet should be defined. Since, 

addition to disturbance coming from outside, magnetic forces begin to act on the 

magnet. With the contribution of magnetic forces, new acceleration value of the 

magnet is calculated. The next position is determined under the effect of final 

acceleration value. The position of the magnet changes continuously with 

acceleration. Similarly, variation of position changes magnetic forces acting on the 

moving magnet and indirectly acceleration. Therefore, at the end of each instant, 

corresponding magnetic force and excitation are revised. Then, acceleration value is 

updated with the addition of the next value to the previous one. To sum up, 

acceleration is defined at first, and then the next position of the moving magnet is 

calculated. 

In order to define magnetic forces for each instant in the model, magnetic force 

versus displacement characteristics is modeled via COMSOL. Then, this discrete data 
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is transferred into continuous function by using ‘lsqcurvefit’ command of MATLAB. 

By doing so, continuous function of the magnetic force versus displacement plot is 

obtained. Finally, for any values of displacement, resultant magnetic force can be 

calculated in Newton (N) through mathematical equation.  

Flowchart of the operations handled by the model is illustrated in Figure 3.1. 

 

Figure 3.1: Flowchart of the operation introduced to MATLAB model for detection of the 
resonance frequency. 

 

With the analysis explained on the figure above, displacement versus time 

characteristic of the moving part is found. It is known that maximum displacement 

occurs at resonance. Then, frequency sweep is applied to the excitation and resultant 
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displacement margins are recorded. To do so, frequency response of the excitation is 

analyzed and natural frequency of the system is determined.  

 

3.2. Discrete Time Analysis 

 

In the discrete time analysis, aim is to get displacement versus time plot with basic 

physical and mathematical calculations. At the beginning, initial positions are 

determined and resultant magnetic force is calculated. Simultaneously, applied 

excitation is sampled and its contribution to the system is determined. 

When there is no excitation, system is at equilibrium and only gravitational force 

exists. The moving part stays at equilibrium position, where magnetic force and 

weight of the moving part equal to each other. Until excitation comes, system remains 

its rest position and velocity of the system is zero. With the excitation, magnet moves 

out of equilibrium position and oscillation begins. 

The displacement versus time character of the moving part is attempted to be found 

from applied sinusoidal acceleration. For the sake of simplicity, excitation coming 

from outside is sampled and between two successive sampled points acceleration is 

assumed to be constant. That is sinusoidal wave is assumed as combination of square 

waves. With this way, instead of sinusoidal integration processes, displacement can 

be derived with basic physical and mathematical equations. For each sampled point, 

acceleration of the magnet is calculated as follows, 

             (3.1) 

at the first instant  equals to , so, 

     (3.2) 

     (3.3) 
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with the acceleration system begins to move. The displacement travelled over up to 

next sampled point is found by two times integration of acceleration with respect to 

time. 

     (3.4) 

 

Since sampled excitation is considered as constant between two successive sampled 

points, physical laws are carried out with basic mathematics as follows, 

     (3.5) 

 

 

3.2.1. Determination of Initial Conditions 

 

In order to get expected results from the MATLAB model, initial conditions should 

be well defined. Otherwise, the resonance frequency of the harvester is determined 

with certain amount of errors. Center of the harvester is defined as origin, z = 0. If 

there were no gravitation and excitation forces, center of the moving part would be at 

the origin, which is equilibrium case. In reality, gravitation exists and excites the 

moving part to move on downward direction. Simultaneously, repulsive magnetic 

force prevents the moving part to come closer with the fixed magnets. Up to certain 

point, where gravitational and magnetic forces become equal to each other, the magnet 

moves down. Then, it remains stable at this equilibrium position. At the equilibrium 

position, until excitation is applied, displacement, velocity and acceleration of the 

magnet is zero. Figure 3.2 shows how the equilibrium position of magnet is detected. 
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Figure 3.2: Rest position determination of magnet placed below (a) and above (b) of 
equilibrium position. 

 

In the figure above, stabilization between gravitational and magnetic forces is 

observed. Here, magnetic force and gravitational force become equal when magnet 

reaches the position, where z = 0.34 mm. Rest position (equilibrium position) of the 

magnet for this design is determined as 0.34 mm. Initial position of displacement 

should be 0.34 mm, where velocity and acceleration are zero without excitation. 

For determination of initial conditions, magnetic force acting on the moving 

magnet is taken into account. Through FEA tool, magnetic force versus displacement 

plot is extracted and this discrete data converted into continuous function via 

MATLAB. At the end, displacement dependent continuous function of magnetic force 

is obtained. By doing so, for each value of displacement, resultant magnetic force is 

easily calculated. In the next section, this process is explained in detail. 

 

 

 

(a) (b) 



49 
 

3.2.2. Magnetic Force Definition of the System 

 

Magnetic repulsion between magnets defines the resonance frequency of the 

system. The repulsion force between magnets is modeled as virtual spring and spring 

constant k defines natural frequency of the system. Figure 3.3 is an example of the 

standard magnetic force versus displacement character of basic EM energy harvester. 

 

Figure 3.3: Exponential data fit to magnetic force versus displacement data extracted from 
COMSOL. 

 

The magnetic force characteristic of AA battery sized EM energy harvester is shown 

above, where there exists two fixed magnets at the top and bottom cap of the harvester. 

Blue colored data represents simulation results, where for each 0.5 mm increment of 

oscillation interval resultant magnetic force is recorded. This discrete data is converted 

into continuous function, which is shown in green color on the figure above. Here 

magnetic force can be calculated for any point of z by using the equation on the Figure 

3.3. As observed, fitted data is very close to original data extracted from COMSOL. 
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The equation on the Figure 3.3 proves that magnetic stiffness of the system cannot 

be constant. That is, magnetic force cannot be represented as multiplication of 

constant stiffness with displacement for whole operation region. As a result, linearity 

of the differential equation is disturbed. Therefore, actual resonance frequency of the 

system cannot be determined through linear differential solution. In [38], for 

mathematical solution, operation region of the moving magnet is limited as shown in 

the figure above. In this linear region, stiffness of the system is assumed constant and 

resonance frequency is calculated via linear differential equation solution. This 

solution is valid as long as magnet oscillates inside linear region. However, depending 

on excitation amplitude and frequency, the moving magnet exceeds this linear region, 

where stiffness is no more linear. As a result, at each instant of time, displacement 

changes and directly stiffness changes. Since stiffness of the system is also  

dependent parameter. For total oscillation interval, stiffness does not remain constant 

and determination of resonance frequency with constant stiffness assumption is not 

valid. The work performed in this thesis study is to provide solution to this problem.  

For each instant of time, resultant stiffness is calculated and magnetic force is found 

by the formula . Resultant displacement for that instant is calculated. Right 

after, for the next cycle, next stiffness value is calculated again. In other words, for 

each instant of time, derivative of magnetic force is taken with respect to 

corresponding z value to find stiffness. Then, result is inserted to the linear differential 

equation. By doing so, magnetic stiffness of the system is represented as a 

combination of various linear stiffness values and for each instant corresponding value 

is inserted to the equation. To sum up,  dependency of stiffness is accepted, 

meanwhile linear differential equation solution is performed. This approach will be 

explained in detail in section 3.3.2.2. 

Up to now, how MATLAB model works to detect the resonance frequency of the 

harvester is explained. In the next section, weaknesses of the model are discussed. 
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3.2.3. Deficiencies of the model 

 

Determination of initial conditions, magnetic force and sampling of the excitation 

are explained. Through the flowchart of the model, deficiencies of the discrete time 

analysis are explained in this part. 

Movement of the moving magnet begins with excitation so, sampling process of 

the applied excitation should be performed at first. Excitation is sinusoidal and to 

simplify integral operation mathematically, sinusoidal wave is converted to column 

graph. The conversion process is as explained in Figure 3.4. 

 

Figure 3.4: Sampling operation of sine wave for (a) smaller and (b) larger sampling 
frequencies. 

(a) 

(b) 
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Sinusoidal excitation represents acceleration applied to the system and to get 

displacement versus time character, two times integral operation should be applied to 

this sine wave. With the assumption of sinusoidal wave as a combination of square 

waves, mathematical analyses become much easier. However, depending on sampling 

frequency, area calculated under the curve changes, which has adverse effect on 

calculations. Resonance frequency of the system is detected by applying frequency 

sweep. However, for each frequency, sampling frequency will also changes 

automatically. Therefore, comparison of the displacements becomes impossible 

because resultant area under the curve changes for each value. According to Figure 

3.4, sampling frequency in (b) is twice of that of in (a).  Frequency sweep is done from 

5 Hz to 15 Hz, final value of sampling frequency becomes three times of initial value.  

Increasing sampling frequency as large as possible is considered as a solution to 

this problem. By doing so, sampling frequency will become so high and will not be 

affected from frequency sweep. To validate this assumption, displacement character 

is extracted from sinusoidal acceleration with larger sampling frequencies and results 

are compared with actual value. Sinusoidal wave with 1 m amplitude is sampled with 

different frequencies and resultant displacement time plots are as shown in Figure 3.5. 
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Figure 3.5: Displacement characteristics of the moving magnet under 1 m 10 Hz sinusoidal 
excitation for several sampling frequencies (a) 2 kHz, (b) 1 kHz, (c) 500 Hz and (d) 250 Hz. 

 

In Figure 3.5, 1 m 10 Hz sinusoidal excitation is applied to our discrete time model 

and from this acceleration, displacement versus time plots belonging to different 

sampling frequencies are exhibited. Here, increasing sampling frequency, meaning 

that taking greater number of data points for one period of time, results in smaller 

displacement interval. However, these results are totally opposite to our expectation. 

Actually, 1 m 10 Hz sinusoidal acceleration results in 0.5 mm peak to peak 

displacement. Rather than larger sampling frequencies, results of smaller sampling 

frequencies are closer to this value. The reason behind this fact is related with our 

mathematical assumptions. Increasing sampling frequency prevent data miss because 

time interval between the successive points become smaller and number of data taken 

from one period of time increases. However, outcome of this idea affects results 
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negatively because displacement is found by multiplication of acceleration with 

square of time as follows, 

      (3.6) 

as the time interval ( ) decreases, resultant displacement is affected negatively by 

square term. As a result, as sampling frequency increases, results become further away 

from actual displacement value. 

To sum up, there existed several problems in discrete time analysis due to 

simplifications in mathematical operations. This analysis will no more help us to 

detect the resonance frequency of the system. In order to solve this problems, 

mathematical analyses, between acceleration and displacement, should be well 

organized. In the next section, new approach called as continuous time analysis is 

explained, where definition of limit in calculus is used to model mathematical 

calculations. 

 

3.3. Continuous Time Analysis 

 

Aim is to remove deficiencies of the discrete time analysis with continuous time 

analysis. Operation principles of both of the analyses are very similar except from 

mathematical computations. Previously it is concluded that representation of 

sinusoidal wave as combination of several column graphs results in serious and 

unsolvable problems. To present solution, integral operations are taken through 

sinusoidal wave under the guidance of the definition of limit, in calculus. 

     (3.7) 

      (3.8) 

    (3.9) 
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    (3.10) 

 

here, definition of limit helps us to provide connection between displacement and 

acceleration. To find out the value of , unknowns in the equation ,  and  

should be defined at first. These unknowns are related with the initial conditions and 

sampling of input acceleration. In the next subsections, determination of initial 

conditions, sampling of sinusoidal acceleration and flowchart of the continuous time 

analysis are explained in detail. 

 

3.3.1. Determination of Initial Conditions 

 

Initially system is at rest and maintains its rest position up to excitation comes from 

outside. Determination of the equilibrium position is already explained in discrete 

time analysis, which is exactly same in this approach. To clarify, system is at rest, 

when gravitational and magnetic forces acting on the moving magnet equal to each 

other. The initial point of displacement is determined with the help of MATLAB as 

explained previously in section 3.1.1. Equilibrium position changes belonging to 

designs under the effect of magnetic repulsion and weight of the moving part. 

Up to the first instant of acceleration, velocity of the magnet is zero. With this 

consideration and by using definition of limit second position of displacement  is 

found as follows: 

     (3.11) 

              (3.12) 

The equations above proves that first and second position of displacement equals to 

equilibrium position.  
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Having determined the first and the second instants of displacement, only unknown 

is the first instant of acceleration. After all unknowns are determined, inside for loop 

next positions of the moving magnet are calculated. Hence, displacement versus time 

characteristic of the harvester design is obtained. To determine the first instant of 

acceleration, sampling process should be applied to sinusoidal excitation, which is 

explained in the next section. 

 

3.3.2. Sampling Process and Magnetic Force Definition 

 

Acceleration acting on the moving part is defined by the input excitation, magnetic 

forces and gravitational force. Here, excitation is sinusoidal and should be sampled 

with small time intervals to see its contribution to the next position of displacement. 

With the input excitation, displacement between the magnets begins to vary, which 

makes magnetic force contribute to acceleration of the moving magnet. Unlike input 

excitation and magnetic force, gravitational force is always constant and acts in the 

downward direction. 

Sampling is very critical here because any data missing results in corruption, which 

results in wrong determination of the resonance frequency. This process is explained 

in the next subsection. 

 

3.3.2.1. Sampling Process 

 

The number of data taken in one period of time is crucial. Since any data miss 

results in deformation on sine wave. At first, the necessary data number taken in one 

period of time should be determine. Then, from applied acceleration, displacement 

versus time character of the moving part is plotted. Finally, this plot is compared with 
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the actual wave. Figure 3.6 displays the comparison of calculated and original waves 

where 0.1 g peak amplitude 5 Hz sinusoidal acceleration is applied to the system. 

 

Figure 3.6: Comparison of original and calculated sine waves when number of data taken in 
one period of time is 105. 

 

Color of original wave is blue and calculated wave is represented with black. Here, 

fifteen period of waves are observed. The conclusion is that calculated and original 

waves are nearly coincide. Only very small difference is observed when portion 

indicated by black square in the figure is magnified. If the number of data taken is 

smaller than 105, difference between the waves gradually increases by the time passes. 

However, at this time, this minor difference always remains constant. 

The study performed in this section helps us to settle exact number of data points 

should be taken in one period of time. By doing so, corruption on sinusoidal wave and 
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data missing are prevented. In the next section, effect of magnetic force on 

acceleration is studied. 

 

3.3.2.2. Magnetic Force Definition 

 

Contribution of the magnetic force on the motion of the moving magnet is already 

discussed in the previous chapters. In general, magnetic force is modeled by 

multiplication of stiffness k with displacement z as follows; 

      (3.13) 

In literature, generally, magnetic stiffness value  is assumed as constant and 

resonance frequency detection is provided by basic mathematical representations. 

Apart from these, in [38], magnetic stiffness is accepted as displacement dependent 

parameter. In the discrete time analysis section, it is underlined that, stiffness  cannot 

be considered as constant parameter throughout the whole displacement interval. As 

a result, linearity of second order differential equation is disturbed. To make linear 

differential equation solution be applicable,  dependent magnetic stiffness  is 

represented as a combination of constant stiffness values. Therefore, for each value of 

displacement, magnetic stiffness is evaluated with respect to corresponding  value. 

As a result, in each instant of time, linearity of differential equation is ensured. Figure 

3.7 explains the whole process. 
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Figure 3.7: Definition of magnetic force acting on suspended part. 

In Figure 3.7, for each instant of  value, resultant stiffness  is evaluated. Tangents 

to the magnetic force curve are drawn for each instant. To do so, magnetic stiffness  

is defined as a combination of several constant values. 

At this point, all necessary parameters are defined for displacement time characteristic 

of the moving part of the system.  In the next section, how these parameters are used 

to find the resonance frequency of the system is explained. 
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3.3.3. Flowchart of the Model 

 

Up to now, requirements of continuous time analysis like initial condition 

determination, sampling of excitation and magnetic force definition are defined. In 

this section how these requirements are used to reach resonance frequency is 

explained in detail. Figure 3.8 demonstrates the flowchart of continuous time analysis. 

 

Figure 3.8: Flowchart of continuous time analysis. 

At the beginning, initial position of the moving part is found, where magnetic force 

and gravitational force acting on the moving magnet are equal to each other. Without 

excitation, there exists no motion so that by definition of limit second position of the 

moving part should be same with initial position.  
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Applied excitation should be sampled with reasonable sampling frequency. By 

using the sampled data and definition of limit, relation between acceleration and 

displacement of the moving part is defined. 

Under the influence of forces acting on the moving part, acceleration is calculated 

through the formula given in Figure 3.8. Finally, the first and the second positions of 

displacement are known and acceleration of the first instant is evaluated. With these 

values the next value of displacement is calculated as illustrated in the Figure 3.8.  

The flowchart explains only one cycle of this analysis. Inside for loop, next and 

subsequent positions of displacement are evaluated and each of these values is 

recorded. These recorded values shows displacement versus time plot of the moving 

part under the applied excitation. The general flow of the analysis is already illustrated 

in Figure 3.1. 

 

3.4. Simulation Results of MATLAB Simulator 

 

In this subsection, resonance frequencies of the designs proposed in section 2 are 

estimated through MATLAB simulator. Experimentally, resonance frequency of the 

EM harvester systems is detected by frequency sweep. That is, for constant amplitude, 

frequency of the excitation is swept. For each frequency, resultant output voltage is 

recorded and maximum output voltage occurs at resonance. Therefore, resonance 

frequency is detected with the analysis of output voltage versus frequency 

characteristics. Similarly, instead of output voltage, displacement of the moving part 

is recorded in MATLAB simulator. The frequency, at which maximum displacement 

occurs, represents resonance of the system.  
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Displacement versus frequency plots of the designs are as follows, 

 

Figure 3.9: Frequency response plot of displacement for 8 cm3 cube design. 

 

Resonance frequency of the 8 cm3 cube design is estimated as 12.5 Hz. 

 

Figure 3.10: Frequency response plot of displacement for 1st generation AA battery 
design. 
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Resonance frequency of the 1st generation AA battery design is estimated as 10.8 Hz. 

 

Figure 3.11: Frequency response plot of displacement for 2nd generation AA battery 
design. 

 

Resonance frequency of the 2nd generation AA battery design is estimated as 9 Hz. 

 

Figure 3.12: Frequency response plot of displacement for 3rd generation AA battery design. 

Resonance frequency of the 3rd generation AA battery design is estimated as 10 Hz. 
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Figure 3.13: Frequency response plot of displacement for 4th generation AA battery design. 

 

Resonance frequency of the 4th generation AA battery design is estimated as 9.4 Hz. 

 

Figure 3.14: Frequency response plot of displacement for 5th generation AA battery design. 

 

Resonance frequency of the 5th generation AA battery design is estimated as 7.5 Hz. 
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3.5. Conclusion 

 

In this chapter, the resonance frequency detection techniques are explained. Aim is 

to find out the resonance frequency of the harvester via the displacement versus time 

plot of the moving part in the harvester. FEA tools are not sufficient enough to 

compute desired analyses in determination of resonance frequency. Therefore, to 

detect the resonance frequency, simulator model is designed and improved via 

MATLAB. At first, the discrete time model is suggested in which integral operations 

are modeled with basic mathematical calculations. Sinusoidal wave of excitation is 

assumed as a combination of several square waves. Data conversion from acceleration 

to displacement is intended to be provided by basic calculus through constant 

amplitude square waves for each time interval. Nevertheless, expectations are not 

satisfied due to mathematical simplifications. To come up with a solution, continuous 

time analysis is presented, where mathematical operations are carried out with the 

definition of limit in calculus. By doing so, general operation principle of the 

MATLAB model is not violated, only difference is related with integral operations to 

govern displacement character of the moving magnet.  

Required information is inserted to the finalized version of the model and results 

are analyzed. According to the results, expected resonance frequencies for various EM 

energy harvester models are recorded and compared with the actual results. In the next 

chapter, fabrication process, test setup and comparison of tests with simulation results 

are presented. In addition, validation of the MATLAB model in detection of the 

resonance frequency is also proved. 
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CHAPTER 4 

 

 

FABRICATION AND EXPERIMENTAL TEST RESULTS 
 

 

 

In this section, experimental analyses are explained and the test results are 

analyzed. The efficiency of simulator performances and the design procedure are 

verified through experimental results. In design modelling and simulation section, 

optimization procedure for maximum output power is explained. Several simulations 

are performed and improvements are applied to reach the finalized model. In this 

section almost the same procedure as Chapter 2 is applied. This chapter starts with the 

fabrication procedure of EM energy harvesters, continues with the description of test 

setup and concludes with the presentation of individual test results of proposed 

designs. The experimental results are compared with the simulation results at the end. 

 

4.1. Fabrication and Test Setup 

 

The container of the electromagnetic energy harvester system is made of a 

castermid material. After the design parameters, such as magnet and coil sizes, are 

determined cylindrical castermid materials are put into process. In order to get 

maximum power output, six several designs are examined. Similarly, various coil 

positions are studied to get the highest output power. Designs are geometrically 
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classified two groups, in which the first design group has 20 mm diameter, 20 mm 

height and the second one has 14 mm diameter, 46 mm height as shown in Figure 4.1. 

The material is cylindrically drilled with specified dimensions to provide sufficient 

oscillation distance to the moving part. Then, a copper coil is wrapped around a cavity 

on the tube. A fixed magnet is attached to the bottom cap and an oscillating one is 

placed inside the cylindrical hole, such that the magnets provide repulsive forces to 

each other. The top cap is pasted with the rest of the fabricated parts and system is 

constructed as depicted in Figure 4.1.  

 

Figure 4.1: Fabricated EM harvester prototypes (a) h:19 mm, Ø:20 mm, 6 cm3 , N:1500  (b) 
h:46 mm, Ø:14 mm, 7 cm3 , N:1200 

 

In Figure 4.1 (a), 6 cm3 harvester prototypes with several coil positions are presented. 

In this design, four internal structures are analyzed to get maximum output power at 

low resonance frequency excitations. In order to achieve further improvements on the 

performance of the EM energy harvester, the internal structure is modified by 

changing harvester dimensions as shown in Figure 4.1 (b).  
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Figure 4.2 shows the schematic representation (a) and corresponding photos (b) of 

the experimental test setup. The test setup consists of a PC, a control system, a shaker 

table and an oscilloscope. Fabricated energy harvesters are placed onto the shaker 

table, which is controlled by the software on the PC. Excitation amplitude and 

frequency to be applied to the harvester is assigned via the software tool. The amplifier 

activates the shaker table, which gives feedback to the controller system via an 

accelerometer. The feedback loop directs the shaker table to oscillate in favor of the 

assigned values and the induced voltage is observed on the oscilloscope screen. 

 

Figure 4.2: Block diagram (a) and schematic representation (b) of the test setup. 

 

Induced voltage is recorded for open-loop case and then, output power is defined by 

hand calculation for maximum power transfer case. As observed in the following 

sections, maximum RMS value of induced voltage is 0.57 V, where internal resistance 

is 265 Ω. As a result, output current for maximum power transfer case is around 1 
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mA. However, my load which converts AC signal to DC it has 3 kΩ resistance. For 

this case, the current value reduces to 170 μA which contributes negligibly small 

damping force. 

The performances of the designs are presented with representative plots and tables 

in the following sections. Additionally, the most appropriate prototypes of each design 

are compared and the optimization process is validated through experimental results.  

 

4.2. Testing of Proposed 8 cm3 Energy Harvester 

 

The designed energy harvesters can fit into 8 cm3 volume. The proposed designs 

through simulations are tested. Outcomes of the improvements on the interior designs 

are validated with tests.  

 

Figure 4.3: (a) Structure of the EM energy harvester and (b) the fabricated prototype where 
the inertial mass is composed of Ø: 10 mm, h: 3 mm, 1.7 gram NdFeB magnet and Ø: 10 mm, 
h: 5 mm, 6.8 gram tungsten-copper mass. (S3 on Figure 4.1. (a)) 
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EM harvester prototypes are fabricated and tested on the shaker table to validate 

the optimum coil position and performance. Figure 4.1 (a) presents the fabricated EM 

harvester prototypes, where prototypes from P1 to P6 have coils located 3 mm to 8 

mm from the bottom of the harvester, with 1500 coil turns. All of the harvesters have 

19 mm of height and 20 mm of diameter, which corresponds to 6 cm3 of volume. The 

optimum energy harvesting device operating in 8 cm3 cube volume is presented in 

Figure 4.3. 

Figure 4.4 presents the peak-to-peak output voltages (VPP) of 6 prototypes at 8 Hz 

and 0.4 g vibration which corresponds to non-resonant operation. Both simulations 

and test results yield to an optimum coil position of 5 mm above the bottom of the 

harvester. This result is further proved by for resonance condition of the harvesters. 

Figure 4.5 presents the frequency response of the prototypes where S3 yields the 

maximum output. 

 

Figure 4.4: Simulation and test results of the harvester output for different coil position. (8 
Hz, 3 mm peak-to-peak vibration with 0.4 g peak acceleration). 
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Figure 4.5: Frequency response of EM harvester prototypes (S1-S6) at 0.5 g peak vibration 
acceleration. S3, where the coil is placed 5 mm above the bottom of the harvester, gives the 
maximum output. 

 

The decrease at the resonance of frequency and the improvement of the low 

frequency performance of the harvester with the attachment of tungsten-copper mass 

is illustrated in Figure 4.6. Increasing the moving magnet size itself (from 3.4 to 4.5 

gram) results in an increase in the resonance frequency (from 23 Hz to 27 Hz). The 

reason is that the magnetic forces and the stiffness increases more than the increase in 

the inertial mass. Instead, attaching 4.1 and 6.8 gram tungsten-copper masses on a 1.7 

gram NdFeB magnet, pulls the resonance frequencies down to 12.5 and 15 Hz, 

respectively. Simultaneously, generated output voltage increases. Figure 4.7 presents 

the harvested AC voltage at 15 Hz and 0.7 g acceleration where, 1.61 VPeak-to-Peak and 

110 μWRMS output power is generated. Table 4.1 presents the optimized system 

specifications. The results show that the presented approach is effective in increasing 

the harvester performance for low frequency operation within a fixed device volume. 
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Figure 4.6: Frequency response of S3 at 0.7 g peak vibration acceleration for different inertial 
masses, where the maximum output voltage is obtained with 1.7 gram magnet and 6.8 gram 
tungsten-copper mass (Mag1.7-WCu6.8). 
 

 

Figure 4.7: Harvested AC voltage from S3 with 1.7 gram magnet and 6.8 gram tungsten-
copper inertial mass at 15 Hz and 0.7 g peak acceleration (Oscilloscope screen). 
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Table 4.1: System specifications of the proposed EM energy harvester 

Harvester 
Dimensions 

Ø:20 mm, h:19 mm, 
6 cm3 

Saturation 
Magnetization 1.2 T 

Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:10 mm, h:3 mm, 
1.7 gram 

Coil Turns 1500 

Ø:10 mm, h:5 mm, 
6.8 gram Coil Resistance 450 Ω 

Input  
Vibration 

15 Hz and 0.7 g peak  
acceleration Output Voltage 1.61 VPP, 0.45 VRMS 

Fixed Magnet 5.3x5.3x0.5 mm3 Harvested Power 
Power Density 

110 μWRMS 
18 μWRMS/cm3 

 

The improvements on this EM harvester design are limited with device dimensions 

to modify internal structure. Device dimensions are changed for better output power. 

The proposed designs with the performance tests are presented in the next section. 

 

4.3. Tests of Proposed AA Battery Sized EM Energy Harvesters 

 

Proposed EM energy harvesters are designed to be comparable with an AA sized 

battery in terms of both performance and device parameters. The reason is that one of 

the most widely used battery type is AA sized ones. In order to maximize the output 

performance, various designs are investigated. The tests of the AA battery sized 

designs are demonstrated and performances are evaluated in the following 

subsections. 
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4.3.1. 1st Generation AA Battery Sized EM Harvester 

 

Figure 4.8 illustrates the internal structure and device dimensions of the proposed 
1st generation AA battery sized design of EM energy harvester.  

 

Figure 4.8: System specifications of the 1st generation AA battery sized energy 
harvester. 

 

Several prototypes of the proposed design are fabricated with different coil positions 

and tested on a shaker table to observe the low frequency performances. Figure 4.1 

(b) presents the fabricated EM harvester prototypes, where prototypes from P1 to P9 

have coils located 13.5 mm to 21.5 mm from the bottom of the harvester, with 1200 

coil turns. All of the harvesters have 46 mm height and 14 mm diameter, which 

corresponds to a 7 cm3 volume. 

Figure 4.9 presents the peak-to-peak output voltages (VPP) of the 9 prototypes at 

10 Hz and 0.5 g vibration, which corresponds to resonant operation. Test results yield 

to an optimum coil position of 15.5 mm above the bottom of the harvester. This result 

is further proven by detecting the resonance frequency of the harvesters. Figure 4.10 
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presents the frequency response of the prototypes, where P3 yields the maximum 

output. 

 

Figure 4.9: Test results of the harvester output for different coil position. (10 Hz, 2.5 mm 
peak-to-peak vibration with 0.5 g peak acceleration). 
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Figure 4.10: Frequency response of EM harvester prototypes (P1-P9) at 0.5 g peak vibration 
acceleration. P3, where the coil is placed 15.5 mm above the bottom of the harvester, yields 
the maximum output. 

 

In the frequency response plot, the resonance frequency is indicated as 10 Hz.  

Table 4.2: The performance comparison of the 1st generation AA battery sized and 8 cm3 
volume designs. 

 8cm3 Square Prism 
Design 

1st AA Battery Sized 
Design 

Device Dimensions Ø:20 mm, h:19 mm, 6 cm3 Ø:14 mm, h:46 mm, 7 cm3 
Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:10 mm, h:3 mm, 0.9 cm3 Ø:5 mm, h:10 mm, 0.8 cm3 
Ø:10 mm, h:5 mm, 1.5 cm3 - 

Input Vibration 
Resonance Frequency 

0.7 g peak acceleration 
15 Hz 

0.5 g peak acceleration 
10 Hz 

Coil Turn 1500 1200 
Coil Resistance 450 Ω 265 Ω 
Output Voltage 1.61 VPP, 0.45 VRMS 2.52 VPP, 0.57 VRMS 

Harvested Power 110 μWRMS 306.5 μWRMS 
Power Density 18 μWRMS/cm3 43.8 μWRMS/cm3 
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According to Table 4.2, the volume of the moving magnet and the number of coil 

turns are reduced. Output power is increased (from 110 μW to 306.5 μW), while the 

excitation amplitude (from 0.7 g to 0.5 g) and frequency (from 15 Hz to 10 Hz) are 

reduced. As a result, without any modifications on internal structure, output power of 

EM energy harvester can be increased. In the next section, the volume of the moving 

magnet is reduced to decrease the resonance frequency. At the same time, with the 

addition of tungsten mass, the output performance is attempted to be increased. 

 

4.3.2. 2nd Generation AA Battery Sized EM Harvester 

 

In this design, the moving magnet height is reduced to weaken the effect of 

magnetic force. Instead of this reduction, tungsten mass is placed as illustrated with 

device dimensions in Figure 4.11. To do so, the stiffness is reduced and the mass of 

the moving part is increased. As a result, the resonance frequency of the harvester is 

reduced. 

 

Figure 4.11: System specifications of the 2nd generation AA battery sized energy harvester. 
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Figure 4.12 presents the peak-to-peak output voltages (VPP) of the 9 prototypes at 

8.6 Hz and 0.5 g vibration, which corresponds to resonant operation. Test results yield 

to an optimum coil position of 15.5 mm above the bottom of the harvester. This result 

is further proved by detecting resonance frequency of the harvesters. Figure 4.13 

presents the frequency response of the prototypes where P3 yields to the maximum 

output. 

 

Figure 4.12: Test results of the harvester output for different coil position. (8.6 Hz, 1.7 mm 
peak-to-peak vibration with 0.5 g peak acceleration). 
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Figure 4.13: Frequency response of EM harvester prototypes (P1-P9) at 0.5 g peak vibration 
acceleration. P3, where the coil is placed 15.5 mm above the bottom of the harvester, yields 
the maximum output. 

 

Table 4.3: Comparison of the proposed 1st generation AA battery sized design with 2nd 
generation AA battery sized design. 

 1st AA Battery Sized 
Design 

2nd AA Battery Sized 
Design 

Device Dimensions Ø:14 mm, h:46 mm, 7 cm3 Ø:14 mm, h:46 mm, 7 cm3 
Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:5 mm, h:10 mm, 0.8 cm3 Ø:5 mm, h:6 mm, 0.5 cm3 
- Ø:5 mm, h:4 mm, 0.3 cm3 

Input Vibration 
Resonance Frequency 

0.5 g peak acceleration 
10 Hz 

0.5 g peak acceleration 
8.6 Hz 

Coil Turn 1200 1200 
Coil Resistance 265 Ω 265 Ω 
Output Voltage 2.52 VPP, 0.57 VRMS 3 VPP, 0.5 VRMS 

Harvested Power 306.5 μWRMS 238  μWRMS 
Power Density 43.8 μWRMS/cm3 34 μWRMS/cm3 

 

Table 4.3, presents that the resonance frequency is reduced as expected. Here 

reduction in output power is significant (from 306.5 μW to 238 μW), which is 
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unexpected. With this approach, the output power is reduced. In order to get a larger 

output voltage, VRMS of the output voltage should be increased. In simulations, VRMS 

value is increased with modification on internal structure. Validation of this study is 

investigated in the next section. 

 

4.3.3. 3rd Generation AA Battery Sized EM Harvester 

 

The moving magnet dimensions are adjusted with the guidance of the simulations. 

Several modifications are tried instead of a single magnet structure to optimize the 

output and the resonance frequency. The proposed model consists of two NdFeB 

magnets with a tungsten mass placed in between as illustrated with device dimensions 

in Figure 4.14. 

 

Figure 4.14: System specifications of the 3rd generation AA battery sized energy harvester. 

 

Figure 4.15 presents the peak-to-peak output voltages (VPP) of the 9 prototypes at 

9 Hz and 0.5 g vibration, which corresponds to resonant operation. Test results yield 

to an optimum coil position of 20.5 mm above the bottom of the harvester. This result 
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is further proven by detecting the resonance frequency of the harvesters. Figure 4.16 

presents the frequency response of the prototypes where P8 yields the maximum 

output. 

 

Figure 4.15: Test results of the harvester output for different coil position. (9 Hz, 2.5 mm 
peak-to-peak vibration with 0.5 g peak acceleration). 
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Figure 4.16: Frequency response of EM harvester prototypes (P1-P9) at 0.5 g peak vibration 
acceleration. P8, where the coil is placed 20.5 mm above the bottom of the harvester, yields 
the maximum output. 

 

In the frequency response plot, the resonance frequency is indicated as 9 Hz.  

Table 4.4: The performance comparison of the 2nd generation AA battery sized and 3rd 
generation AA battery sized design. 

 2nd AA Battery Sized 
Design 

3rd AA Battery Sized 
Design 

Device Dimensions Ø:14 mm, h:46 mm, 7 cm3 Ø:14 mm, h:46 mm, 7 cm3 
Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:5 mm, h:6 mm, 0.5 cm3 Ø:5 mm, h:6 mm, 0.5 cm3 
Ø:5 mm, h:4 mm, 0.3 cm3 Ø:5 mm, h:4 mm, 0.3 cm3 

Input Vibration 
Resonance Frequency 

0.5 g peak acceleration 
8.6 Hz 

0.5 g peak acceleration 
9 Hz 

Coil Turn 1200 1200 
Coil Resistance 265 Ω 265 Ω 
Output Voltage 3 VPP, 0.5 VRMS 1.85 VPP, 0.38 VRMS 

Harvested Power  238 μWRMS 136.5 μWRMS 
Power Density 34 μWRMS/cm3 19.5 μWRMS/cm3 
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Table 4.4 presents that VRMS of the output is reduced (from 238 μW to 136.5 μW) 

with this modification on the internal structure. In design phase, it is considered that 

if we propose double-magnet structure isolated from each other, we can increase the 

output power. In simulation, double-magnet structure is isolated from each other by 

using tungsten mass. The results support that the output power increases with this 

proposed 3rd generation AA battery sized design. However, experimental result 

contradicts with this analysis. Additionally, the resonance frequency of the system is 

increased (from 8.6 Hz to 9 Hz). To conclude, 3rd generation design causes regression 

on the performance of harvester in terms of output power and resonance frequency. 

 

4.3.4. 4th Generation AA Battery Sized EM Harvester 

 

In the 4th proposed design of AA battery sized EM energy harvester, magnetic flux 

gradients are stimulated by axially orienting magnets at the moving part. The studies 

on literature and analyses on COMSOL simulations state that repulsive forces 

contribute to larger magnetic flux gradients rather than attractive forces. To maximize 

the output of the harvester, magnets at the moving part are placed in such a way that 

they repel each other as demonstrated in Figure 4.17 
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Figure 4.17: System specifications of the 4th generation AA battery sized energy 
harvester. 

 

Figure 4.18 presents the peak-to-peak output voltages (VPP) of the 9 prototypes at 

8.8 Hz and 0.5 g vibration, which corresponds to non-resonant operation. Both 

simulations and test results yield to an optimum coil position of 15.5 mm above the 

bottom of the harvester. Figure 4.19 presents the frequency response of the prototypes, 

where P3 yields the maximum output. 
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Figure 4.18: Simulation and test results of the harvester output for different coil position. (10 
Hz, 1.2 mm peak-to-peak vibration with 0.5 g peak acceleration). 

 

  

Figure 4.19: Frequency response of EM harvester prototypes (P1-P9) at 0.5 g peak vibration 
acceleration. P3, where the coil is placed 15.5 mm above the bottom of the harvester, yields 
the maximum output. 
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Table 4.5: Comparison of the proposed 3rd generation AA battery sized design with 4th 
generation AA battery sized design. 

 3rd AA Battery Sized 
Design 

4th AA Battery Sized 
Design 

Device Dimensions Ø:14 mm, h:46 mm, 7 cm3 Ø:14 mm, h:46 mm, 7 cm3 
Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:5 mm, h:6 mm, 0.5 cm3 Ø:5 mm, h:6 mm, 0.5 cm3 
Ø:5 mm, h:4 mm, 0.3 cm3 Ø:5 mm, h:4 mm, 0.3 cm3 

Input Vibration 
Resonance Frequency 

0.5 g peak acceleration 
9 Hz 

0.5 g peak acceleration 
8.8 Hz 

Coil Turn 1200 1200 
Coil Resistance 265 Ω 265 Ω 
Output Voltage 1.85 VPP, 0.38 VRMS 3.25 VPP, 0.52 VRMS 

Harvested Power 136.5 μWRMS 250 μWRMS, 
Power Density 19.5 μWRMS/cm3 35.7 μWRMS/cm3 

 

The output power is increased (from 136.5 μW to 250 μW) and frequency is reduced 

(from 9 Hz to 8.8 Hz). With axially orientation of the magnets on the moving part 

output power of EM energy harvester is increased. This result satisfies our 

expectations from simulation analyses. By the removal of the magnet on the top cap, 

harvester performance is further improved as explained on the next section. 

 

4.3.5. 5th Generation AA Battery Sized EM Harvester 

 

In the 5th generation proposed design of AA battery sized EM energy harvester, 

magnetic flux gradients are enhanced by axially orienting magnets at the moving part. 

The literature studies and COMSOL simulations conclude that repulsive forces 

contribute to larger magnetic flux gradients rather than attractive forces. To further 

increase the output performance of the harvester, fixed magnet at the top cap is 

removed as demonstrated in Figure 4.20. 
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Figure 4.20: System specifications of the 5th generation AA battery sized energy 
harvester. 

 

Figure 4.21 presents the peak-to-peak output voltages (VPP) of the 9 prototypes at 

10 Hz and 0.5 g vibration which, corresponds to non-resonant operation. Both 

simulations and test results yield to an optimum coil position of 15.5 mm above the 

bottom of the harvester. This result is further proven by resonance condition of the 

harvesters. Figure 4.22 presents the frequency response of the prototypes where, P3 

yields the maximum output. 
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Figure 4.21: Simulation and test results of the harvester output for different coil position. (10 
Hz, 2.5 mm peak-to-peak vibration with 0.5 g peak acceleration). 

 

  

Figure 4.22: Frequency response of EM harvester prototypes (P1-P9) at 0.5 g peak vibration 
acceleration. P3, where the coil is placed 15.5 mm above the bottom of the harvester, yields 
the maximum output. 
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Table 4.6: Comparison of the proposed 4th generation AA battery sized design with 5th 
generation AA battery sized design 

 4th AA Battery Sized 
Design 

5th AA Battery Sized 
Design 

Device Dimensions Ø:14 mm, h:46 mm, 7 cm3 Ø:14 mm, h:46 mm, 7 cm3 
Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:5 mm, h:6 mm, 0.5 cm3 Ø:5 mm, h:6 mm, 0.5 cm3 
Ø:5 mm, h:4 mm, 0.3 cm3 Ø:5 mm, h:4 mm, 0.3 cm3 

Input Vibration 
Resonance Frequency 

0.5 g peak acceleration 
8.8 Hz 

0.5 g peak acceleration 
7.2 Hz 

Coil Turn 1200 1200 
Coil Resistance 265 Ω 265 Ω 
Output Voltage 3.25 VPP, 0.52 VRMS 3.5 VPP, 0.53 VRMS 

Harvested Power 250 μWRMS, 266 μWRMS, 
Power Density 35.7 μWRMS/cm3 38 μWRMS/cm3 

 

With this finalized design, a correlation between simulation and test results is 

validated again. The procedure used in the simulations is exactly applied to the 

experiments. Our theoretical expectations are experimentally satisfied. All designs are 

compared with each other in the next part of this chapter. 
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4.4. Comparison of Test Results with Simulation Results 

 

Figure 4.23 presents the performances of the EM energy harvester designs 
proposed so far. 

 

Figure 4.23: Frequency response of the EM energy harvester designs to 0.5 g sinusoidal 
excitation. 

 

In the figure above, it is clear that the best performance of all five designs is the 5th 

generation AA battery sized EM energy harvester design. Thoroughly, optimization 

processes of the harvesters are applied to two different volumes namely, AA battery 

and 8 cm3 volumes. The best performances of each volume of EM energy harvesters 

are compared in Table 4.7. 
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Table 4.7: Comparison of the proposed 8 cm3 square prism volume energy harvester with 5th 
generation AA battery sized design. 

 8cm3 Square Prism 
Design 

5th AA Battery Sized 
Design 

Device Dimensions Ø:20 mm, h:19 mm, 6 cm3 Ø:14 mm, h:46 mm, 7 cm3 
Inertial 
Mass 

NdFeB 
W80-Cu20 

Ø:10 mm, h:3 mm, 0.9 cm3 Ø:5 mm, h:6 mm, 0.5 cm3 
Ø:10 mm, h:5 mm, 1.5 cm3 Ø:5 mm, h:4 mm, 0.3 cm3 

Saturation Magnetization 1.2 T 1.2 T 
Input Vibration 

Resonance Frequency 
0.7 g peak acceleration 

15 Hz 
0.5 g peak acceleration 

7.2 Hz 
Coil Turn 1500 1200 

Coil Resistance 450 Ω 265 Ω 
Output Voltage 1.61 VPP, 0.45 VRMS 3.5 VPP, 0.53 VRMS 

Harvested Power 110 μWRMS 266 μWRMS, 
Power Density 18 μWRMS/cm3 38 μWRMS/cm3 

 

In Table 4.8 all designs are compared with each other in terms of applied excitation 

(frequency & amplitude), output voltages (VPP & VRMS) and output power.  

Table 4.8: Comparison all of the proposed designs with each other in tabular form. 

Designs 
Excitation Output Voltage Output Power 

(μW) Amp. 
(g) 

Freq. 
(Hz) VPP (V) VRMS (V) 

8 cm3 Square 0.7  15.0  1.61 0.45 110 

1st Gen. AA 0.5  10.0  2.52 0.57 306.5 

2nd Gen. AA 0.5  8.6  3 0.5 238 

3rd Gen. AA 0.5  9.0  1.85 0.38 136.5 

4th Gen. AA 0.5  8.8  3.25 0.52 250 

5th Gen. AA 0.5  7.2  3.5 0.53 266 
 

Table 4.8 summarizes the performance of the proposed EM energy harvesters. Each 

of the designs is advantageous depending on the purpose of the usage. If the most 

important criteria of the design is output power, single-magnet structure usage is more 
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useful. However, resonance frequency of the design becomes larger compared to 

multi-magnet structures at this time. With various modifications, the resonance 

frequency of the harvester can be lowered. In the design of 5th generation AA battery 

sized EM energy harvester, this reduction clearly observed. Similarly, reduction on 

the output power also exists. However, the highest VPP voltage is achieved with this 

design. In the conversion of AC to DC, the peak voltage is important to open the 

diodes. That is, the higher the input peak voltage, the more efficient the conversion 

process.  

AC voltage waveform of the 5th generation AA battery design under  

excitation is as shown on Figure 4.24. 

 

Figure 4.24: Harvested AC voltage from P3 at 7 Hz and 0.5 g peak acceleration (Oscilloscope 
screen). 
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4.5. Actual and Estimated Resonance Frequencies of the Designs 

 

Resonance frequencies of the proposed EM harvester designs are estimated via the 

MATLAB simulator. In this section, a comparison between actual and estimated 

resonance values are performed and presented in tabular form in Table 4.9.  

Table 4.9: Comparison of the predicted and actual values of the resonance frequencies for the 
proposed EM harvester designs. 

 

The percentage difference between the actual and the estimated values is due to the 

fact that existing operation of the moving part inside the harvester cannot exactly be 

modeled in simulators. 
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4.6. Conclusion 

 

In this chapter, validation of the simulations with the test results are provided. The 

optimization procedure is experimentally repeated and similar results are obtained. 

The studies on the conceptual optimization process turns into practice as expected.  

The test results reflects the both positive and negative outcomes of modifications on 

the internal structure of EM energy harvesters. Therefore, robustness of theoretical 

studies are also experimentally proven. 

In 8 cm3 design output power is 110 μW under the sinusoidal excitation of 0.7 g at 

15 Hz. In order to improve the output performance of the EM energy harvester, device 

dimensions are modified. With the modified dimensions, the output power is increased 

up to 306.5 μW under the excitation of 0.5 g at 10 Hz. Apart from output power, 

resonance frequency and VPP are also important parameters to define the performance 

of the EM energy harvester. For low frequency and high output power design under 

low amplitude vibrations, 5th generation AA battery design is the most applicable one 

compared to other ones. From the beginning to the end, resonance frequency is 

reduced by nearly %50 from 15 Hz to 7.2 Hz. Additionally, output power is increased 

by more than %100 from 110 μW to 266 μW. Simultaneously, VPP is increased by 

more than %100 from 1.61 V to 3.5 V. By achieving all these, applied excitation 

amplitude is also reduced from 0.7 g to 0.5 g.  

Additionally, validity of generated MATLAB simulator to detect resonance 

frequency is evaluated. This is the novelty of this thesis study. The studies in literature, 

to detect resonance frequency of the harvester, totally depend on mathematical 

analysis and several assumptions. However, in this model, response of the motion 

varies under the applied frequency and excitation amplitude. That is, physical 

analysis, associated with mathematical analysis, is also taken into account. As a result, 

the resonance frequency of the harvester is determined with small percentage 

differences before fabrication and test procedure. The reason behind this deviation is 

that laboratory conditions are not totally modeled in simulations. In detection of the 
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resonance frequency, the most effective parameter is magnetic stiffness, which is 

determined via FEA tools. In FEA simulators, magnets are placed on z-directions and 

there is no radial motion. However, in reality, radial movement is observed because 

there exists one mm radial distance between the moving magnet and the inner surface 

of the harvester container. Therefore, when radial motion exists, magnetic force acting 

on the moving part changes which affects magnetic stiffness and directly the 

resonance frequency of the system. Additionally, in simulations, friction force 

between the moving part and the container cannot be modeled. All these facts results 

in differences between the actual and the estimated values of the resonance 

frequencies. 

The studies of this thesis are concluded at this point with the validation of 

theoretical analyses on optimization and the resonance frequency estimation. The 

discussions and future recommendations to the studies performed so far are presented 

in the next chapter. 
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CHAPTER 5 

 

 

CONCLUSION AND FUTURE WORK 
 

 

 

In this thesis study, macro-scale electromagnetic energy harvesters have been 

designed, optimized, fabricated and tested. The aim of the thesis study is to present 

compact EM energy harvester, which operates at low frequency and low amplitude 

vibrations. In order to optimize the output performance, several designs are proposed 

and analyzed. The designs, performances and analyses are explained as follows: 

1. 8 cm3 EM energy harvester design is proposed at first. Here aim is to design a 

compact energy harvester which fits into square prism with one side 2 cm. In 

the beginning, the harvester consists of two fixed magnets placed at the bottom 

and the top caps, a moving single-magnet and a pick-up coil with 1500 turns. 

The harvester has 20 mm radius and 20 mm height. Due to this limits, 

oscillation distance of the moving magnet is not sufficient. Additionally, 

interaction between the magnets are quite high which increases magnetic 

stiffness and the resonance frequency. In order to recover this negative effects, 

fixed magnet at the top cap is removed. This makes sense; however, it is not 

enough to decrease the resonance frequency. Then, the single-magnet is 

modified by reducing its height. Meanwhile, tungsten mass is attached on top 

of the single-magnet. The aim here is to maximize gravitational force acting 

on the magnet so that magnet can compress virtually considered magnetic 

spring. To do so, oscillation distance is increased and resonance frequency is 
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decreased. In the end, the proposed 8 cm3 EM energy harvester generates 110 

μW power and 1.61 VPP voltage under the sinusoidal excitation of 0.7 g at 15 

Hz. 

 

2. Improvements on 8 cm3 EM harvester are limited due to the device 

dimensions. In order to get larger output power, the device dimensions are 

modified, height is increased from 20 mm to 46 mm and diameter is decreased 

from 20 mm to 14 mm. By doing so, oscillation distance for the moving 

magnet is increased and interaction between the fixed and the moving magnets 

are decreased. Additionally, pick up coil is wounded around smaller diameter 

at this time so that amount of used copper wire to reach same number of turn 

is reduced. As a result, coil resistance is reduced which has positive impact on 

output power. The strategies to improve output power is explained by 

proposed models as follows: 

 
a. 1st Generation AA Battery Design: This design consists of two fixed 

magnets placed at the bottom and the top caps, a moving single-magnet 

and a pick-up coil with 1200 turns. All of the magnets are cylindrical 

with 5 mm diameter and the fixed ones have 1 mm height where the 

moving one has 10 mm height. The system is excited with 0.5 g and 10 

Hz sinusoidal excitation and 2.52 VPP is induced between the coil 

terminals. The resultant output power is 306.5 μW. By changing only 

device dimensions, resonance frequency is decreased from 15 Hz to 10 

Hz, output voltage is increased from 1.61 VPP to 2.52 VPP and output 

power is increased from 110 to 306.5 μW. In fact, all these outcomes 

are achieved with 0.5 g excitation amplitude rather than 0.7 g. 

b. 2nd Generation AA Battery Design: In this design, effect of tungsten 

inertial mass is analyzed. The moving magnet height is decreased from 

10 mm to 6 mm and 4 mm height tungsten inertial mass with same 
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diameter is attached on top of it. The expectation is reduction in 

resonance frequency and improvements on output power and voltage 

by the reference of the previous work. This modification satisfies our 

expectations, the resonance frequency is decreased from 10 Hz to 8.6 

Hz and output voltage is increased from 2.52 VPP to 3.00 VPP. 

However, decrease in the output power is observed from 306.5 μW to 

238 μW. 

c. 3rd Generation AA Battery Design: The aim is to increase output power 

by modification on the moving part. The 6 mm height moving magnet 

is divided into two 3 mm height magnets. This time tungsten inertial 

mass is placed in between these two magnets. In this way, interaction 

between these two magnets is expected to be lowered and so they 

behave like separate single magnets. To do so, output power is 

harvested by the contribution of two single magnets with 3 mm height. 

However, experimental results do not reflect simulation results and our 

expectations. The resonance frequency is increased to 9 Hz, the output 

voltage is decreased from 3.00 VPP to 1.85 VPP and output power is 

decreased from 238 μW to 136.5 μW. These results show that 

interaction between the moving magnets are not removed, which 

affects results negatively. 

d. 4th Generation AA Battery Design: Studies reported in literature states 

that repulsive forces between the magnets result in larger magnetic flux 

gradients compared to attractive forces. By this larger flux gradients, 

output voltage and power of the system can be improved. To see this 

effect, the moving magnets in the 3rd generation design are axially 

oriented to provide repulsive forces to each other. According to the 

results, the resonance frequency is decreased from 9 Hz to 8.8 Hz, the 

output voltage is increased from 1.85 VPP to 3.25 VPP and the output 

power is increased from 136.5 μW to 250 μW. 
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e. 5th Generation AA Battery Design: In order to decrease the resonance 

frequency of the system, the fixed magnet at the top cap is removed, 

which is the only difference from the 4th generation AA battery design. 

To do so, reduction on magnetic stiffness exists, which makes the 

resonance frequency to decrease. Additionally, oscillation distance of 

the moving part is enhanced so velocity of the moving part increases. 

Therefore, magnetic flux passing through coil surface changes more 

rapidly which increases the output voltage. The results show that the 

resonance frequency is decreased from 8.8 Hz to 7.2 Hz, the output 

voltage is increased from 3.25 VPP to 3.50 VPP and the output power is 

increased from 250 μW to 266 μW. 

All in all from the 8 cm3 EM energy harvester design to 5th generation AA battery 

sized EM harvester design the resonance frequency is decreased from 15 Hz to 7.2 

Hz, the applied excitation amplitude decreased from 0.7 g to 0.5 g, the output voltage 

is increased from 1.61 VPP to 3.5 VPP and the output power is increased from 110 μW 

to 266 μW. During this process, the harvester dimensions, the coil turn and position, 

the fixed magnets and the moving part of the system are optimized. Several EM 

harvester designs are proposed and several prototypes are fabricated. From single-

magnet to various multi-magnet structures are analyzed. Throughout this process, 

effects of the design changes are reported so that the designers can benefit from this 

report and use as a guidance to design a macro-scale EM energy harvester. Depending 

on the satisfactions the architecture changes and the performance of the proposed 

harvesters can be evaluated belonging to the expectations. In this thesis study, the aim 

is to propose an EM energy harvester, which provides high output voltage and power 

under low excitation amplitudes and frequencies. The 5th generation AA battery sized 

EM harvester design best suits these expectations. 

In this thesis, a novel study to define the resonance frequency of the EM energy 

harvesters is presented. Up to now, the resonance frequency of the harvesters are 

determined through mathematical expressions by 2nd order linear differential equation 
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solutions. These solutions are depending on several assumptions. Linear magnetic 

stiffness assumption is one of the examples. However, in practice, the stiffness of the 

system is no more linear. In reality, as the distance between the magnets reduces, 

magnetic force exponentially increases. Therefore, the physical relation between the 

magnetic force and the distance can be represented as exponential functions. In this 

thesis study, the mathematical expressions are equated under the consideration of this 

physical condition. The expressions are modeled via MATLAB and a simulator is 

presented to detect the resonance frequency of the system. 

Having presented the performance analysis of the proposed designs and the 

achievements of this thesis study, the comprehensive list of future work is presented 

below: 

1. The proposed EM energy harvester is 46 mm in height and only 3 mm is 

reserved for coil. If multi-coil structure is analyzed, this height in sufficient to 

be utilized for larger output power and voltage. 

2. During the design of EM energy harvester, simulations are performed via FEA 

tools. These models work with linear constant values as an input. However, 

some of the parameters like stiffness and damping are quite non-linear and 

complex to be represented as a constant. Therefore, real behavior of the system 

cannot be modeled and comparison between simulations and tests become 

difficult. As a solution, finite element models that resolve stiffness and 

damping can be integrated into the simulation steps to represent these 

nonlinear parameters. By doing so, simulation and test results become 

comparable. 

3. Output voltage of the EM harvester is simulated by using ‘Voltage Induced in 

a Coil by a Moving Magnet’ model of COMSOL. In this model, we can assign 

initial motion to the moving magnet. However, interaction between moving 

and fixed magnets and contribution of magnetic forces to the motion cannot 

be simulated. As a solution, the simulator model can be improved by the 

addition of magnetic flux feature. 
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4. How the motion of moving magnet cannot be defined experimentally. What I 

do is observation of output voltage waveform by using oscilloscope. Usage of 

a laser measurement devices can let us track the motion and understand the 

physics more clearly. With this better understanding, further improvements 

can be applied. 

5. Improvements on the proposed simulator for resonance frequency detection is 

necessary. Magnetic forces are determined via FEA; however, these values do 

not reflect actual values. It is better to get real magnetic force vs displacement 

characteristic of the systems by taking measurements from laboratory. To do 

so, output of the simulator will be much closer to the actual values. 

6. The load of the EM energy harvester is integrated circuit to convert generated 

AC signal to DC signal which has 3 kΩ resistance. With the advancements on 

IC technology, the resistance can be reduced so that input and load resistances 

can be matched. 

7. In this thesis, how to design an EM energy harvester is explained. Under the 

guidance of this work, an efficient design belonging to a specific vibration in 

nature can be proposed.  
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