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ABSTRACT 
 

 This research first attempts to identify the effective parameters in the EMEH and 

PEH system. These systems with a transducer used in applications as a sensor or an 

actuator. On the other hand, there is an output interface with electrical circuit and 

function of converting and regulating AC signal to the DC operational output energy for 

the load.  

The proposed design in chapter five is the result of the study about the effect of 

input parameters such as input frequency and acceleration to the output voltage and 

power regarding physical structure of transducers. 

 Having a successful model for effective physical design with considering a 

mixture of electromagnetic induction and piezoelectric effect mechanisms base on input 

motion bring the necessity of chapter two, three and four focusing on the developed 

designs and models with similar purposes to objectives of this thesis. 

 The analysis of PEH and EMEH devices with different approaches are modelled 

analytically or numerically to define the relation between effective parameters 

depending on the purpose and usage of the system. Modelling with either lumped or 

distributed parameters numerically consuming software such as MATLAB, ANSYS and 

COMSOL to use automatically the defined equations (use for complicated and 

nonlinear systems) via Finite Element Analysis (FEA).  

Modelling is an effective way to estimate the output changes based on 

manipulation of the input parameters. There is usually some constitutive motion 

equations in the electromagnetic and piezoelectric system since the source of energy for 

harvesting enough charge is from mechanical vibration source.  

Based on the research in EMEH transducers the effective architecture for 

maximum output from EMEH transducer is the use of more than one magnet while the 

magnet is in line with the coil. For the PEH system, the materials for inactive and active 

layer equally important and their positions and size respected to each other and related 

to the electrodes change the properties of the transducer. The research in Chapter two 

and four clearly express the effectiveness of bimorph layers with 31-mode 

configuration. The model which is indicated in chapter four can extend for the uni-

morph piezoelectric layer and also considering the model for a 33-mode electrode with 

one or two piezoelectric layers. 
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 The model for the electromagnetic system first depends on the magnetic field 

strength (fixed or alternative) in the coil and/or around the coil with considering the 

distance and position of coil -magnet with magnetization inside the magnet from N pole 

to S pole. Also, the effect of motion in coil or magnet from input mechanical vibration 

that effect on the area of coil or magnet which also effects the magnetic field and the 

amount of generated  flux.  

The input motion usually is a harmonic movement that could model by sine or 

cosine wave with mechanical and electrical damping and frequency. In this thesis, we 

are interested to find resonance frequency of the new engineering composite from 

piezoelectric materials category for the purpose of optimizing and implementing the 

device as a hybrid resonance device to generate maximum output with an optimal load. 

Although, the limitations of simulation and enough information about constitutive 

parameters of the piezoelectric layer in the datasheet of cantilever plate generates a lot 

of difficulty in modelling and recognizing of effective parameters to evaluate the 

design. 
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CHAPTER ONE 

INTRODUCTION 

 

1.1 Overview 

 

The most common ambient sources for energy harvesting are solar energy, 

electromagnetic field, gravitational field, temperature difference, pressure fluctuation, 

fluid flow, human movements, mechanical vibration and seismic vibrations. Among 

those energy sources, the solar energy is one of the most effective power sources with 

the highest output power density, although it has a usage limitation for outdoors and 

areas with light [1]. On the other hand, vibrational energy is an abundant non-

exhaustive source, which obtains energy from a machine's vibration, human movement 

or another form of motions [2]. The ambient vibration from environment mostly goes 

unused. However, there are several methods to obtain electrical energy from these 

sources [3]. This kind of vibration energy has a considerable potential in Microsystems 

because of relatively high power density production, being easily accessible, having a 

simple manufacturing process, being reliable in a harsh environment, having an infinite 

lifetime and a necessary physical link to the outside [1]. Micro-power generation could 

be an ideal candidate for tiny wireless sensors, which need small self-supportive power 

needs for sensing and transferring signals [6]. 

 An energy harvesting system needs proper energy conversion principles and 

efficient circuitry for the energy management. In the application of energy harvesting 

process, the electrical power is generated by conversion of environmental waste energy 

into a clean and renewable energy source that could be usable power for various 

applications. Applications of energy harvesting systems depending on the functionality 

and the performance of energy harvesters could evaluate [4, 5]. Besides, a transducer 

and a principle for energy conversion could be chosen for the system [4, 5]. Transducers 

are important for energy harvesting. In this case, there have been three different types of 

transducers to scavenge energy. They include electrostatic, electromagnetic and 

piezoelectric [1]. Furthermore, Transducers are sensors with sensing elements and 

physical properties. Moreover, they can convert information from one form to another 
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(harvesting electricity is from the process of conversion of energy) and make an 

interface between the processes controlled and controlling elements. Consequently, they 

are detecting input from the physical environment to the output signal and convert the 

signal to the human readable display. 

 The first type, Electrostatic energy harvesting systems, utilise several capacitors 

that have overlap areas and their capacitance changes by altering the area with applying 

ambient vibration to the structure. The second type is piezoelectric devices that 

scavenge energy utilising the piezoelectric effect of piezoelectric materials that have the 

capacity to convert mechanical strain into electrical energy. Thirdly and lastly, the 

inductive energy harvesters employ electromagnetic field in the coil to generate 

electrical energy from environmental vibration of the electromagnetic structure.  

 

1.2 Motivation 

There are several reasons for choosing vibration energy harvesting systems 

(VEHS) as my thesis topic that are as follows. 

First, ambient energy harvesting system (EHS) has some benefits over the other 

battery based power generators. As mentioned in [6], they are including self-powering, 

last long operation without maintenance, safe without chemical disposal, no charging 

needed, cost-effective and flexible.  

Electronic devices previously gain their power from batteries whereas batteries 

lifespan, and device's functionality bounded by the power consumption in the 

electronics [4]. Hence, developing fully self-powered circuitry is an objective 

consideration in the practical Vibration energy harvesting system (VEHS) [5].  

Second, the amount of power which is available from the ambient source is 

practical for small electronics with improving output capacity.  

Last, the system has potential in the market (wireless sensors, actuators) with a 

variety of types. In fact, the applications expand in several industries like biology 

science for biosensors especially the wearable one. Moreover, mechanical and civil 

engineering in building structure and rail tracks for health monitoring (condition 

monitoring). The researchers including Tsai, Kymissis, Elvin, James, Chao debated 

about applications with different types of VEHS [7-11]. 
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For example, in [8] a heartbeat sensing device with stretch ability and 

electromechanical sensitivity from controlled multilayer PDMS, which are polymers 

and skin-like piezoelectric rubber films presented. The polymers are piezoelectric 

rubber films with suitable cellular structure and potential for sensing and powering for 

the specific application. Besides, A PEH system developed which uses ambient lost 

energy from walking to generate enough power for a radio transmitter [5-7]. In fact, it is 

a shoe- mounted piezoelectric generator to transmit identification code while the bearer 

walks and serves for a personal positioning system for military or police units as well as 

for personal navigator [5-7]. Additionally, there was a proposal to design embedded 

piezoelectric patches in the structure to measure the mechanical strain [8]. Also, James 

et al. in 2004 proposed a low power accelerometer as a sensor and a vibration based 

EMEH used to monitor condition applications such as structural health monitoring 

(SHM) as described in [10]. 

 

1.3 Problem statement  

 

Vibration Energy Harvesting Systems (VEHS) has several problems and 

limitations. These include [6]: 

(i) Bandwidth and linearity: narrow bandwidth implies constrained resonance 

frequency and limits applications. The range of frequencies which reduces the 

number of efficient nonlinear dynamics to increase the efficiency. 

(ii) The capacity in MEMS/NEMS (Micro/Nanoelectromechanical system) 

technology: the limitations in MEMS/NEMS include the factors a) small mass and 

maximum displacement; b) miniaturisation issue for micro-magnets and piezo 

beams; and c) abound for power density in microscale systems especially for 

electrostatic systems.  

(iii) Output results: the difficulty is with generating enough power in 10 mW to 

100mW for milliwatts electronics and low output voltage for the EMEH device. 

The electromagnetic and piezoelectric EHS each of them separately as transducers 

has specifications that limited their capacity. 

Piezoelectric transducers generate desirable output voltages (2-10V) and well 

adopted in miniaturisation and compact technology [6]. However, this piezoelectric thin 
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film in the system has low electromechanical coupling coefficients that require large 

mechanical load in optimal electrical generation power point [5, 6]. On the other hand, 

electromagnetic transducers have a very low output voltage (0.1V). Also, they operate 

in the low-frequency range in medium size EHS with relatively low impedance at 

maximum power generation point. But, their microscale integration is expensive 

because of complex manufacturing of micro-magnets and the necessity for large mass 

displacement [6]. 

 

1.4 Objectives 

 

In view of the above-mentioned needs, we embark on this study to determine and 

calculate higher output power and voltage with frequency band study for better 

efficiency for piezoelectric and/or electromagnetic energy harvesting system. To be 

more precise, the objective of this work was to: 

  

1. Study the fundamental frequency vibrations to natural vibration of the beam.  

2. Develop the understanding of the detailed
1
 mechanical, electrical and 

electromechanical interaction of piezoelectric and electromagnetic energy harvesting. 

3. Design a suitable model that can properly include the dynamics of both the 

mechanical and the electrical components with energy harvesting circuits with 

minimum error in comparison to physical experiments, and high accuracy on the 

harvesting power and efficiency. 

4. The testing design of a hybrid electromagnetic and piezoelectric energy 

harvesting system with higher output results and more efficient in comparison to the 

stand-alone piezoelectric or electromagnetic energy harvester. 

 

1.5 Thesis Structure 

 

Chapter 1 defines the objectives of this work that include the effect of different 

piezoelectric materials on vibration beam, the specifics of mechanical and electrical 

                                                 

1
 mentioned in chapter two pgs.: 10-40 
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components of PEH and EMEH. There are also design and test a hybrid system to 

compare to the result of standalone PEH and EMEH. Furthermore, the main motivation 

of this study is to improve the energy harvesting systems by looking at different 

applications of PEH and EMEH.  

In chapter 2 the literature is reviewed on the development of vibration based 

energy harvesting systems. It presents a comprehensive survey of existing models and 

design of electromagnetic energy harvester (EMEH) and piezoelectric energy harvester 

(PEH). The effective parameters for each system investigated. In the end, different 

application of each system is evaluated. 

Chapter 3 presents the proposed evaluation on one of the best existing 

transducer’s design with up converted input mechanical frequency. The modelling of 

the EMEH system based on Faraday’s induction law and motion equation for cantilever 

beam evaluated. The system’s performance is evaluated by implementing the changes to 

the cantilever length and resonance frequency with respect to the peak of output voltage. 

Chapter 4 gives the existing lumped analytical model to describe one of the best 

piezoelectric energy harvesting system. The function of mechanical motion parameters 

and electrical domain of piezoelectric (electromechanical) harvester including the 

interface circuit is given in mode of circuit elements. The proposed evaluation in 

MATLAB for presented design and model tested for different system size and 

piezoelectric materials.  

Chapter 5, an experimental testing of the proposed hybrid mechanisms of 

vibration based electromagnetic and piezoelectric energy harvester system is 

implemented. The results of experiment set up are compared to the results from 

MATLAB simulation and COMSOL modelling software. 

Chapter 6 a conclusion and recommendation for future researches are given.  
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 CHAPTER TWO 

 LITERATURE REVIEW 

 

2.1  Synopsis 

 

 In this chapter, the concepts and literature of energy harvesting technology 

utilising mechanical vibration source, the electromagnetic and piezoelectric energy 

harvesting systems are examined. In Section 2.3, physical design structure of the 

existing EMEH and PEH systems are presented and they compared according to their 

effective features. The designs of EMEH are affected by coil-magnet physical positions 

and quantity of magnets. The design of PEH device depends on piezoelectric layer 

parameters and its relation to electrodes and inactive layers. In Sections 2.4, the 

analytical modelling with distributed or lumped parameters for the transducer, power 

converter and load in PEH and EMEH systems depending on physical design are 

reviewed. At the end, in Section 2.5, the existing applications for both PEH and EMEH 

system in different technologies presented. 

 

2.2 Introduction 

 

 EMEH systems are inductive generators with an electromagnetic energy source 

and generate electrical energy from the conversion of mechanical energy of ambient 

vibration. The typical electricity generation is described by Faraday’s induction law 

when magnetic force interacts with a coil (spiral or helix) as a conductor. There are 

different EMEH types of generators. They are classified based on the relative coupling 

of coil and magnet with respect to each other and the mechanical excitation. For 

example, the system could use a magnet moving with a spring or cantilever in simple 

harmonic motion [12, 13]. There are two modes, fixed coil and moving magnets in the 

same or opposite pole orientation [12]. Alternatively there could be a moving coil with a 

fixed magnets configuration. Further, coil and magnet are physically in line or 

perpendicular to each other with the congruent or orthogonal centre axis to oscillation 

direction with back iron or without back iron [14] as shown in Table 2.1.   
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Table 2.1: The classification of coil and magnet coupling in EMEH [14]. 
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      PEH systems as power generators and sensors could work with ambient vibration 

energy sources and provide advantages consisting of the ease of bulk to 

micro/nanosystems transformation and integration, having long lifetimes and the 

tendency of direct energy conversion [3]. The piezoelectric energy harvesting (PEH) 

systems use the piezoelectric effect of materials to scavenge energy from the system. 

Piezoelectricity is a material’s feature that defines by applying strain energy from 

external vibration to deform the beam and produce a local charge separation in 

material’s molecular structure [3]. This effect introduces electric charges to harvest 

from the system [3]. 

 Vibration-based energy harvesting systems are more popular for using the 

piezoelectric and electromagnetic energy harvesting (PEH/EMEH) mechanism to harvest 

electrical energy because of high electromechanical coupling with no requirement to 

external voltage sources and their particular attention for use in microelectromechanical 

systems (MEMS) [15].  

           Torah et al. in 2006 reported an electromagnetic energy harvesting system that has 

four magnets mounted on a cantilever spring and a magnetic flux produced in the coil as 

the magnets are in opposite polarities and the device vibrates at the resonance frequency 

of 56.6Hz [16]. This generator generated the maximum output power of 17.8 μW at the 

acceleration of  0.6 ms−2  which rated as a low output generator. 

Low output power and power density from a single mechanism of piezoelectric or 

electromagnetic components are problems for various applications. The solution to the 

stated problems could solve by hybrid energy harvesting devices to generate more 

energy to charge the output device and increase the reliability of the system. 

Hybrid mechanisms of vibration harvester systems are using the coupling factor 

between mechanisms such as piezoelectric and electromagnetic energy harvesting 

system in this study. This idea is not new but it develops by new composite material for 

the piezoelectric material layer with high voltage capacity, numerical modelling for the 

new design in COMSOL and cheaper experimental set up for the prototype testing.  

 Yang et al. in 2010 proposed a hybrid electromagnetic and piezoelectric energy 

harvester that used a cantilever structure containing multilayer piezoelectric materials as 

a beam, magnets as a tip mass and coils near the magnets [17]. The relative position of 
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coil and magnets changes in the three types that show in Fig 2.1. They include type one 

and two, with magnetic pole direction using the z-axis and plane coils located in the 

horizontal and vertical plane. Type three has magnetic pole direction using along the y-

axis and the plane coil located in the vertical plane. Each prototype uses 2, 4 and 6 

magnets. Consequently, the output power of type III devices with 6 magnets and 2.5 g 

acceleration at 310Hz frequency for piezoelectric mechanism and electromagnetic 

mechanisms are 176 μW and 0.19μW respectively. Sang et al. in 2012 made a cantilever 

structure of hybrid energy harvesting system with maximum load power of 10.7mW at 

the resonance frequency of 50 Hz and the acceleration of 0.4g [18]. As a result, the 

output power from hybrid system with the optimal load of 50Ω increased by 81.4% in 

comparison to standalone electromagnetic mechanisms. 

 

Figure 2.1: The hybrid PEH and EMEH system with a, b, c different positioning of 

magnet to coil [16]. 
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2.3 Physical Design Structure 

 

2.3.1 Electromagnetic Energy Harvester (EMEH)  

    

 There are three different structures for an EMEH system design including 

Cantilever beam structure (one clamped end and free on the other end) in Figure 2.2 

with a beam[16, 19-23] or spring [24], cylindrical structure in Figure 2.3 with 

mechanical spring [13, 25] or magnetic spring [26] and disc structure in Figure 2.4 

[27, 28]. 

2.3.1.1Cantilever Beam Structure 

 

 In [16, 19] the architecture is “magnet across coil” with and without back iron 

(A-VIII) regarding Table 2.1 and using the cantilever beam structure. The beam vibrates 

with tip mass that is a coil or magnets depending on which one is moving.  Developing 

an EMEH system including a coil between two magnets as the geometry requirement 

should involve winding a coil around magnets that are heavy and the motion result in 

low output voltage across the coil [19]. This structure showed in Fig 2.2 (a). Moreover, 

four magnets around a coil in Fig 2.2 (b) generates useful power of 157 µW tested in the 

engine block of a car [19]. This design also used in [16] by using a beam (a cantilever 

spring, dimensions optimised using ANSYS) with magnets (the size optimised using 

Ansoft Maxwell 3D) in opposite polarities above and below of the beam demonstrates 

in Fig 2.2(c) and a magnetic flux field produces electric current through the fixed coil. 

The device in [16] works in the frequency range of 50 Hz to 60 Hz with resonance in 

56.6 Hz the optimised design generate the output power of 17.8 µW. 

Above designs elucidate the magnetic field strength (H) regarding the following 

parameters: 

 

a) Coil inductance (L) which increase by increasing the number of turns (N), bigger 

coil area including its diameter (𝐴 = 𝜋𝑟2), shorter length (l), higher coil’s core 
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permeability (µ=µrµ0 whereµr is relative permeability and µ0 = 1 for air) as 

mentioned below  

L =
N2µA

l
                                                         2.1 

emf = −L
ΔI

Δt
                                                          2.2 

b) Increasing in the magnet dimensions which means a larger proportion of coil 

intersects with the magnetic flux gradient.  

c) The magnetic field strength the proportional to the inverse cube of the distance 

from dipole as mentioned in equation 2.3 which means adjusting the gap between 

magnets or magnets and the coil.  

Bα
1

𝑟3                                                                2.3 

         In [24] with the design in Fig2.2(e) the architecture is “magnet in-line coil” 

without back iron (A-II) regarding Table 2.1 and using the cantilever spring structure. 

There is a magnet as an inertial mass in the centre of spiral spring with fixed ends [24]. 

The function of this design is to increase electromagnetic forces by improving magnetic 

flux density and motion. Besides, the coil is fixed below the magnet and various 

vibration and load resistance applied. This design is good for low ambient vibration and 

acceleration devices that generate 115.1µW output power [24]. 

         The efficiency and power density of vibration EMEH system depend on the value 

of vibration frequency [22]. The ambient low frequency usually extracted from the 

environment and mostly from human motion that is in the range of (1-10 Hz) [22]. So, 

there are several studies have worked on a mechanical frequency up-conversion method 

for EMEH as a frequency increased generator that either absorbs or convert mechanical 

energy into electrical one. The transferred energy to high-frequency oscillator mainly 

depend on the stiffness of the spring (spring constant, k) and this ratio changing by mass 
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(m) and damping ratio (c) [29]. This ambient low frequency could be for a resonance 

beam [30] or non-resonance oscillator [25] with limited force and displacement sources. 

The frequency up-conversion method utilises mechanical impact or magnetic attraction 

between a permanent magnet and a magnetic material to convert the low ambient 

frequency vibration (𝑤𝑛
′)  to high natural frequency (𝑛𝑤𝑛

′)  [20, 21, 23, 25]. So, the 

duration (𝜏) of this temporary motion in one cycle (2π) depend on the effective mass 

(m) which is express as equation 2.4 in [29]. 

 

𝜏 =
2𝜋

𝑛𝜔𝑛
′
=

−2𝑚 ln (𝑧 𝑧0⁄ )

𝑐
                                               2.4 

Where 𝑍, 𝑍0  are displacements in 𝑡 = 1, 𝑡 = 0 and 𝑐 is damping coefficient. 

         In [20-23] the architecture is “magnet across coil” without back iron (A-VI) 

regarding Table 2.1 and using the cantilever beam structure. Their design structure as 

show in Fig 2.2(d) is a pickup coil on a cantilever beam as a tip mass and a magnet 

placed on a vibrating support across the coil [20-23]. There is a mechanical barrier 

arm on magnet’s diaphragm with the function of up-conversion. The first attempt in 

[22] by increasing frequency from 10 Hz to 643 Hz provides the RMS (root mean 

squared) output power of 68.7 µW. However, in [23] the same structure design and 

technique used by conversion of 10 Hz to 394 Hz, which is lower value of conversion 

in comparison to previous work still 544.7 µW RMS power harvested. The evaluation 

of [22] and [23] highlighted the other effective parameters in design such as magnet 

configuration and number, coil geometry and scaled down the device dimensions. 
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Figure 2.2: Cantilever structure of EMEH system. 

 

2.3.1.2 Cylindrical structure 

 

           The architecture of “magnet in-line coil” without back iron regarding Table 2.1 

and the cylindrical structure applied in [13, 25, 26].  
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          Using two helical compress springs and coupling them with two stationary 

NdFeB magnets at both ends of the thick hollow cylindrical tube (architecture of AII), 

wrapping coils around both ends and a moving non-magnetic ball in the middle of the 

structure mentioned in [25]. This non-resonant and up-converted system (the free ball 

impact the magnet by hitting it to vibrate at higher frequency) in Fig 2.3 generates 

110μW average power and allows the powering of smart devices from low-frequency 

(<5 Hz) vibrations (shake hands, 2.5-6 Hz) [25].  

         Another design in [13] as demonstrates in Fig 2.3 is with one resonance spiral 

spring attached to a permanent magnet (architecture of AII) and a coil packed in inner 

and outer cylinder housing vibrates. This structure simulated using ANSYS and shown 

the spiral geometry of spring has lower spring constant and stress concentration that 

causes a larger displacement and useable in the applications with less than 100Hz input 

frequencies. 

              Lastly in [26, 31] a cylinder design proposed with one or two fixed permanent 

magnets at the ends (magnetic springs) of the tube and one or two moving magnets 

(mass) in the middle where a coil wrapped in series outside the tube (architecture AI). 

These EMEH tube designs show in Fig 2.3 (a-1), (a-2) and (b). The results in [26] show 

that the system vibrates with 8 and 6.5 Hz resonance frequency to move the magnets in 

middle and a voltage induces in the coil [26]. The results from [26] indicate the 

followings: 

a) The cylindrical structure is beneficial in compare to the cantilever structure for 

random vibration signal 

 b) The magnetic spring with ease of construction, tenability and less prone to fatigue is 

better than mechanical spring  

c) The average generated electrical power of the vibrational generator is proportional to 

the cube of the frequency 

         Munaz in 2013 adopted the design in [26] and the optimised EMEH generated 

4.84 mW output power with the load resistance of 1 kΩ for three magnets at 6 Hz 

resonance frequency[31]. 
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Figure 2. 3: Cylindrical structure of EMEH system. 
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2.3.1.3Disc structure 

 

The “magnet in-line coil” architecture without back iron (AIII) regarding Table 

2.1 and the disc structure used in [27, 28]. These articles utilise spiral springs connected 

to a plane winding the coil that is surrounding a movable permanent magnet of FePt 

membrane with spacers between them [27, 28]. The EMEH system displays in  

Fig 2.4. The results show that the EMEH system generates a nonlinear magnetic flux 

and maximum output power of 100 µW at 60 Hz [27, 28]. 

 

 

Figure 2. 4: Disc structure of EMEH system. 

 

2.3.2 Piezoelectric Energy harvesting (PEH)    

 

 There are several methods to design, improve and solve issues comprising the 

size and volume matter, low efficiency, small output power and voltage in piezoelectric 

power generators and scavenging energy from different kinds of ambient vibration 

source.  

            Firstly, it is important to select an efficient coupling mode of operation [32-35] 

or chose the proper device configuration [35-37] for the cantilever (piezoelectric layer 

and electrodes) of a vibration PEH system.  
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2.3.2.1The Coupling Modes of operation 

 

           The coupling modes of a cantilever in a PEH system are mostly either transverse 

31-mode or longitudinal 33-mode. When the cantilever is in the transverse mode, the 

electric field is applied perpendicularly to the input strain. However, in the longitudinal 

mode, the electric field is applied parallel and in the same direction as the input strain.  

           Sood in [34] and Kim in [33] compared the 31-mode cantilever with two separate 

electrodes on top and bottom of the beam and the 33-mode cantilever with an 

interdigitated (IDT) electrode only on top of the beam. These two coupling modes 

introduced in Fig 2.5. The results of comparison between the features of 31-mode and 

33-mode cantilever for a piezo-generator are following:  

 

a. The distance between electrodes in the 31-mode beam is equal to the thickness of 

the piezoelectric layer while, in the 33-mode beam, it is independent and much 

larger than the piezoelectric layer thickness (~10 times of PZT thickness)[34].  

b. Choice of the 31-mode cantilever beam over the other modes is due to its simple 

fabrication, lower chance of breakdown (electrodes distance as mentioned in “a”) in 

the system with lower open-circuit voltage [38] and having typical higher power and 

efficiency in the output medium[33].  

c. The 33- mode cantilever has a larger coupling coefficient (k) than the 31–mode as 

mentioned in equation 2.5 [32]. 

k = √
Electrical Energy−Out

Electrical Energy−In
                                                2.5 

d. The 33-mode cantilever with the same dielectric constants ( 𝜀 = 𝜀𝑟𝜀0) as the 31-

mode in the system has larger magnitude piezoelectric coefficients (d33, g33) of 

about 2 to 2.5 times and its open circuit voltage is about 20 times [33, 34]. 

e. The poles in 33-mode cantilever because of the electrode configuration can be 

harder than the 31-mode cantilever [33]. 
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f.  The PEH systems used the 31-mode cantilever more often with a small force and 

the low vibration system. Having higher capacitance in d31mode PEH in compare to 

d33 mode device conducts a better performance in transverse mode device[33]  

The open-circuit voltage (Voc) as mentioned above defined in [33, 34] as below 

a) the applied stress (σij
2) 

b) The distance between electrodes (Lx, subscript x = 1 or 3)  

c) The voltage constant (gij) Vm/N  

 

and define as below equation 2.6 

𝑉𝑜𝑐 =  σij𝐿𝑥gij                                                                 2.6 

Moreover, piezoelectric strain constant (dij) is proportional to the voltage 

constant (gij) Vm/N via the dielectric coefficient ( 𝜀 = 𝜀𝑟𝜀0) mentioned in equation 2.7.  

𝑔𝑖𝑗 =
𝑑𝑖𝑗

𝜀𝑟𝜀0
                                                                        2.7 

Figure 2.5: The coupling mode between piezoelectric layer and electrodes a) the d31 

mode with electrodes distance of L1 b) the d33 mode with electrodes distance of L3 [33]. 

 

                                                 

2
 Appendix B 
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Therefore, above relations confirm the importance of electrode factors, poling degree 

and simple fabrication in selecting the better performance in the design. 

 

 

 

2.3.2.2 The Device Configurations 

 

 The configuration of piezoelectric energy harvesting systems could change using 

a uni-morph or triple layer bi-morph structure is shown in Fig  2.6 with one active layer 

and one inactive layer or an inactive layer between two active layers respectively [35]. 

The active layers consist of piezoelectric materials, and the inactive layer is a polymeric 

epoxy or metallic materials with elasticity [36].  

             The bimorph bending mode of active layers (piezoelectric patches) could design 

in series or parallel depending on polarisation direction and the applied field in the 

cantilevers [36]. In deformation of series layers, the electric field is applied 

perpendicular to the polarisation direction of an upper active layer, and its length 

expands while a lower active layer has a polarisation direction parallel to the applied 

electric field and condenses the layer [36]. However, parallel layers provide the same 

polarisation direction and electric field across the individual layers with opposite 

direction. 

 

Figure 2.6: The piezoelectric layer configurations a) bi-morph in series electrical 

connection [37] b) bi-morph in parallel electrical connection [37] c) uni-morph [36]. 

 

  The piezoelectric bender results in [35] show that the uni-morph structure 

generates maximum power of low excitation frequencies and load resistance while the 
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bimorph structures for parallel and series electrical connection generate highest power 

with medium and high excited frequency and load resistance respectively. In [36] they 

indicated that the bimorph benders are acceptable in many applications because of its 

features such as generative force (as actuators) and high sensitivity (as a sensor) and 

providing large displacement. They also deliver better reliability with an inner elastic 

layer that controls the deformation of both layers [36]. 

 Also, it is important to alter the geometrical arrangement of the cantilever with 

mass function [35] or tuning the device using frequency matching and frequency band 

in a vibration PEH system. 

 

2.3.2.3     Geometrical Cantilever Arrangement with mass function 

 

             There could be different shapes of the cantilever such as rectangular [38], 

triangular [32], tapered [39] or trapezoidal [32, 40] with point mass or real end mass. 

          The mechanical construction in [39] has a tapered shape beam cantilever with a 

coated thick film (70µm) of lead zirconate titanate (PZT5H, piezoceramic). To test the 

design a shaker as a vibration source used and a mass as a supporting part attached to 

the beam tip with a short thread [39]. The shape of the beam (non-rectangular) has 

major edge effects such as boundary condition and damping that make the analytical 

modelling very complex. Consequently, a numerical modelling called Finite-element 

analysis (FEA) package of ANSYS software for the modification and testing of the 

system used [39]. The results demonstrate linear operation between deflection and stress 

of beam unless the increase of the beam amplitude results in higher stress level and 

nonlinear operation. Also, the evaluation of graphs in [39] highlighted the function of 

the electromechanical coupling coefficient (𝑘𝑚𝑒) in the output power (𝑝𝑜𝑢𝑡) which also 

indicates kme ∝ (d31)
2(d31 is piezoelectric transverse mode coefficient). 

          In [38] a rectangular shape beam cantilever with a thick film of PZT (1.64µm) 

and a nickel-metal mass on the free end tested. The functions of mass involve the 

mechanical strength improvement and the decrease in the natural frequency of the 

structure in low-frequency vibrations [41, 42]. The rectangular shape is a traditional and 

common beam geometry that provides large stress concentration at the cantilever. 

However, the area of maximum stress is small and the tip hardly strained. As mentioned 
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in [32]  the rectangular cantilever beam needs modification for a more uniform strain 

distribution to generate more output power. 

            In both [38] and [39] a 31-mode, bi-morph power generator in micron scale was 

devised. While these systems have different geometrical cantilever and mass structure, 

the results in the system [39] with tapered shape cantilever provided 3µW output power 

and 80.1 Hz resonant frequency under maximum displacement. But, in the power 

generator developed by [38] just 2.16 µW power is generated within 608 Hz resonance 

frequency and 1g acceleration strength. 

          In [32] the cantilever beam with rectangular shape compared to the trapezoidal 

and triangular ones with point mass or real end mass depending on the cantilever 

structure. The results show around 30% higher output power in another shape than 

rectangular cantilever beam with uniform strain distribution. 

 

2.3.2.4     Frequency Matching and frequency band 

 

            Matching frequency between the natural and fundamental frequency of vibration 

is difficult. The matching needs i) precise material properties and regulating dimensions 

of the cantilever beam and mass in manufacturing ii) choose a frequency from several 

different fundamental frequencies of machine iii) choose an exact physical location such 

as in the corner or centre of air duct [32]. The frequency resonance with narrow 

bandwidth makes the system impracticable in general applications [38]. 

 As mentioned in Shahruz’s study in [43], different cantilever beams with 

different lengths and tip masses (beam-mass system) can be assembled parallel to each 

other and construct a mechanical bandpass filter shown in Fig 2.7. The advantage of this 

structure is surging of output power [38] while the disadvantages related to the size 

increases and not being cost-effective [43]. To study the frequency response of the filter 

an analytical modelling using a linear partial differential equation (PDE) which is an 

infinite dimension and a single degree of freedom (SDOF) is used [43]. The result from 

PDE model gives a transfer function that relates the displacement of the beam tip to the 

vibration source acceleration [41, 43] where the fundamental frequency is a function of 

the beam and mass dimensions. 
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Figure 2.7: a) The mechanical band pass filter b) the frequency band and peak power 

frequency [43]. 

  

          The quality factor (Q-factor) in [41] calculated by considering the phase angle 

peak between the fundamental frequency and the natural resonance frequency. The 

micro-scale PEH system in [41] obtained 2.15µW power at 461.15Hz resonance 

frequency with high Q-factor of 233. The high sensitivity and low loss from the 

calculated Q-factor demonstrate the inverse association between the Q-factor with 

damping and large differences in output power for small changes in Q-factor. 

 

 Finally, it is important to replace the materials of cantilever beam layers 

including a) active and b) inactive with more efficient one. 

  

2.3.2.5 Materials of Cantilever Beam  

 

         There are many types of materials for cantilever beam to provide piezoelectric 

properties either naturally or are engineered [44]. In general, the output power depends 

on the frequency of vibration and the load resistance. Therefore, having the resonant 

frequency and an optimal load resistance are associated with the choice of the proper 

materials for the beam. 

          Various piezoelectric materials for active layer and a shim material (brass) as an 

inactive layer for a bi-morph in series electrically, transverse (31-mode) cantilever 
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beams considered in [45]. Tested active materials are Lead Zirconate Titanate (PZT), 

Lead Magnesium Niobate, Barium Titanate, Lead Titanate, Lead zirconate titanate and 

Lead Nickel Niobate. The differences of active materials are in their coupling factor 

(k3i i=1, 3), quality factor (Q-factor), relative dielectric constant (𝜀𝑟) and Young 

modulus(𝑌𝑝). The inactive layer has a Young modulus (Y) of 110GPa.  

         Testing different active materials in [45] shows various connections between 

parameters. First, there is an exponential relation among each of the coupling factor (k), 

the Q-factor and the relative dielectric constant (𝜀𝑟) with the optimal resistance [45]. 

However, the Young modulus of materials (Y) is in direct relation to the resonance 

frequency [45]. Second, the output power of the materials parameters graphs affirms a 

direct correlation of the output power to the Q-factor, while has an inverse relation with 

relative dielectric constant (𝜀𝑟) and Young Modulus (Y) [45]. At the end, in [45] the 

dependence of output power on the vibration frequency (depending on the material) and 

load resistance indicated and with optimal resistance and at resonance frequency the 

best material performance belongs to the Lead Titanate.                                                                                              

          The other thin active layer introduced in [46] which is zinc oxide (ZnO) and the 

inactive layer is silicon with a 33-mode cantilever beam and a mass at the free end of 

the cantilever. This vibration PEH system with z-direction displacement modelled 

numerically with FEA package of CoventorWare
2
 software and provided the device 

resonance frequency at 34.4 kHz.  

 

a)  Type of Active Materials 

 Lead zirconate titanate is a material known as PZT, which is the most common 

and efficient example of piezoelectric ceramic used in power harvesting [4, 34]. 

However, the piezoceramic materials have some disadvantages such as their brittle 

nature and having a fatigue crack growth susceptibility because of applied strain or 

loading in the high frequency [4]. Poly vinylidene fluoride (PVDF) is also a 

piezoelectric polymer that exhibits better flexibility than the PZT for power generator 

applications. Additionally, there are fiber-based piezoelectric (piezo fiber) materials, 

which can contribute to higher power outputs, more efficient systems, larger 
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displacement capability in thicker plates,  the highest piezoelectric coefficient (𝑑𝑖𝑗) and 

the lowest dielectric constant with the smaller diameter [4]. 

b) Type of Inactive Materials 

  

         The substrate of a piezoelectric layer of the cantilever beam with either uni-morph 

or triple layer bimorph configurations can change the amount of output power of 

vibration PEH system. 

         The substrate materials tested as shown in Fig2.8 for a 31 mode, uni-morph 

cantilever beam in vibration PEH system in [44] while the cantilever beam geometry, 

the active layer material (PZT) and the thicknesses of active/inactive layer fixed. 

 

Figure 2.8: Effect of different substrate materials on the output power for the design in 

[44]. 

 

2.4 Modelling and Testing 

 

              To measure the parameters of the designs for PEH and EMEH systems, first 

the analytical (mathematical) modelling of the transducer, power converter and load 

separately is necessary. Second, the design should test with setting up the experiment 

for prototype and/or compare the numerical results with different analytical methods. 
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             There is a source of excitation for any VEHS, which could be a shaker, an 

external force (shock with dropping from a given height or moving object hits the beam 

[47] ) or a motor with Harmonic motion. 

 

2.4.1 Transducer 

 

The transducer is a complex three-dimensional structure that is operating 

simultaneously in both the electrical and mechanical domains with lumped or 

distributed parameters. The distributed parameters use for modelling spatially or time-

varying system that is difficult to integrate directly them into circuit analysis. However, 

lumped parameters model applicable for circuit analysis with multiple energy domain 

systems. In fact, the distributed electromechanical behaviour of the transducer is lumped 

into discrete circuit elements. However, this method is limited for systems with smaller 

dimensions than characteristic wavelength. 

The piezoelectric transducers comprise of base, beam, mass and piezoelectric 

layer while for electromagnetic transducers consider spring/beam movement and coils -

magnets. For modelling, a transducer three elements consider as mentioned with details 

below,  

1. The mechanical parts: 

I. There is a kinetic energy of a mass which is magnets or/and a coil in EMEH and 

it is proof mass (as an inductor in equivalent circuit element) for support in PEH 

II. There is elastic energy (stiffness) of a spring (or beam/magnet spring) for either 

PEH or EMEH (as a capacitor in equivalent circuit element) 

III. There are some damping coefficients (losses, as a resistor in equivalent circuit 

element) in the mechanical domain such as air and electrical one such as 

conversion mechanism or resistor in this domain. 

IV. The deflection of the tip of bent beam generates charge flow in the mechanical 

domain in PEH and charge in EMEH is in the electrical domain for magnetic 

flux density in the area of coil and magnet to generate flux.    

 

2. The electrical parts usually defined by circuit elements comprise of: 
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I. In EMEH, the coil modelled with a series RL circuit. L is self-inductance of coil 

and R internal resistance of the coil.  

II. In PEH, the piezoelectric layer modelled with a series RC circuit. C is the 

piezoelectric layer capacitance and R is its dielectric of piezoelectric materials.  

 

3. The coupling of mechanical and electrical domain (𝑘𝑚𝑒) indicated as: 

I. Base on Faraday’s law of induction EMF is ε(t) = −
dφ

dt
  which can be rewrite 

as 𝜀(t) = G
d(motion plane)

dt
 . So the coupling is factor “G” in EMEH.  

II. An ideal transformer with (1(primary): N (secondary), step-up transformer 

𝑁𝑠

𝑁𝑝
=

𝑉𝑠

𝑉𝑝
 ) turns ratio or a voltage source in mechanical domain and a current 

source in electrical domain with the different coefficient factor of 𝛼, 𝛽 for a 

PEH.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

            The effective parameters indicate the use of motion equations in term of mass-

spring-damper or linear beam theories [48] comprised of Euler-Bernoulli, Timoshenko, 

two-dimensional elasticity. The Kirchhoff’s laws (KVL and/or KCL) for the equivalent 

circuit of the electromechanical system and Laplace transform of the output voltage to 

input force or vibration also could use. Any of the above techniques could be used in a 

single degree of freedom (SDOF) [1, 45, 47, 49-54] or multiple degrees of freedom 

(MDOF) [55, 56]. 

               For the vibration PEH system bending of the beam while considering the 

boundary conditions can model by the (2, 3…, n) order ordinary differential equation 

(ODE with one independent variable) or/and the partial differential equation (PDE with 

more than one independent variable) [43, 57, 58]. The total energy conservation in 

active and inactive layer also helps to evaluate the bender system [44, 57]. However, 

bender modelling is out of the scope of this thesis.   

 

2.4.1.1Vibration PEH Examples 

 

                In [47, 52, 53] the dynamic of a vibration PEH system with 31-mode and uni-

morph cantilever beam and tip mass with SDOF are modelled in Fig 2.9. The 
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Kirchhoff’s laws (KVL and/or KCL) for equivalent circuit and Laplace transform 

function are used to find deflection and output voltage relation in the frequency domain. 

The coupling coefficient defined by the transformer (turns ration-it shown in circle) 

where the average power dissipated in resistive load is 𝑝 =
1

𝑅𝐿𝑇
∫ 𝑉(𝑡)2𝑑𝑡

𝑇

0
. 

Figure 2.9: The equivalent circuits of vibration PEH system with SDOF and resistive 

load (RL) [47, 51-53]. 

 

            Romani et al. in 2012 proposed a modelling technique suitable for envisaging 

the exact mechanical and electrical joint behaviour by coupling coefficient 𝛼 𝑎𝑛𝑑 𝛽 as 

piezoelectric effect coefficient instead of fixed transformer turn ratio (N) for a vibration 

PEH system in [51]. The piezoelectric transducer with 31-mode and bimorph 

configuration modelled as a lumped elements circuit [51]. The piezoelectric transducer 

in the situation of an open circuit as shown in Fig.2.10 (a) acts as an oscillator with 

resonance frequency 𝑓0 and exponential damping coefficient (𝜏 =
2𝐿𝑀

𝑅𝑀
). On the other 
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hand, in the short circuit (Vp ≈ 0) as shown in Fig.2.10 (b). A pure mechanical 

oscillator with resonance frequency fm is provided. 

 

Figure 2.10: The complete equivalent circuits with a)open circuit b)short circuit of 

vibration PEH system with SDOF and resistive load (RL) [51].  

 

              Roundy and Wright in 2004 use constitutive equations, equivalent circuit 

elements of a linear piezoelectric material and Euler-Bernoulli beam theory for a SDOF, 

31-mode and bimorph configuration [45, 49, 50]. Based on the constitutive equations, 

the axial stress-stain relation defined as σ = Yε so the Young’s modulus (Y) is the stress 

(σ) to strain (ε). The beam theory with the equation of   
d2z

dx2
=

M(x)

YI
  defines a relation 

between strain (ε) and displacement (z) where M(x) is the moment and (I) is the 

effective moment of inertia. The KVL wrote for AC voltage source, mass-spring-

damper with considering turn ratio as voltage source only in mechanical domain. On the 

(a) (b) 
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other hand, KCL in electrical domain calculated with total current through piezoelectric 

capacitance,cp, and load resistance, RL, as a resistive load. However, KCL considers 

piezoelectric capacitance,cp, and storage capacitance,cs, as the capacitive load with a 

rectifying situation in the electrical domain. This equivalent circuit did not consider the 

current through the secondary winding of transformer turns in comparison to above 

modelling. The Laplace transform of equations define in the frequency domain and 

relate output voltage (V) to input vibration (ÿ). 

           Park et al. in 2010 proposed a model for 33-mode, uni-morph vibration PEH with 

the help of the mass-spring-damper system, Euler-Bernoulli beam theory and equivalent 

circuit elements using Kirchhoff’s law in [1] as shown in Fig2.11. This system in  micro 

scale generates 1.41µW output power at 528Hz resonance frequency with less than 0.5g 

[1]. 

 

Figure 2.11: The summery of 33-mode vibration PEH system analytical modelling in 

[1]. 
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             In [59] regardless of mode and configuration of a piezoelectric layer for a 

general case of the PEH transducer modelled as shown in Fig 2.12. The mechanical 

variables force (F), displacement (𝑥), and velocity (𝑥̇) represented with equivalent 

circuit elements of voltage(𝑉𝑒𝑞), charge as a coupling factor of mechanical 

components (𝛼), and current (𝑖𝑒𝑞) [59]. The mass effect neglected, the losses measured 

separately and spring stiffness (k) represent by (CM)[59]. The electrical domain 

modelled with single piezoelectric layer capacitance (Cp) and the coupling coefficient 

of mechanical and electrical domain as equation 2.8   [59], 

                      

Figure 2.12:The modelling of vibration PEH system in [59] a) equivalent circuit b) 

equivalent equations c) mass-spring-damper schematic. 

 

2.4.1.2 Vibration EMEH Examples 

 

To model, a vibration EMEH system needs to identify the geometry of coil and magnet. 

1) For coil is consisting number of turn of coil(Nc) with height of coil (lc), wire 

length (lw = Nπ 2rc; wire area Aw = πrw
2), inner and outer 

diameter (din and dout) resulting in the average coil radios of rc =
din+dout

4
 .  

The area of the unit turn coil is Ac = πrc
2 

2)   For magnet is either cylinder (Lm, rm, A = πrm
2) or cubic(Lx, Ly, Lz) 

𝑘𝑚𝑒=𝛼√
1

𝑘𝐶𝑝+𝛼2      
2.8 
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           In [22, 23] as shown in Fig 2.13 a moving cubic (𝐿𝑥, 𝐿𝑦, 𝐿𝑧) magnet across a coil 

with an air gap distance from each other modelled. First, the magnetic field direction is 

going from further distance (d) to near the magnet dg [22, 23]. Second, the total 

magnetic flux density (B = µ (H + M), Nm
A⁄ ) of the magnet is proportional to the 

magnetic field strength (density) of the magnet near coil (H, A
m⁄ ) and magnetisation in 

the magnet (M). Third, the magnetic flux (𝜑 = ∫𝐵. 𝑑𝐴) so the Faraday’s law of 

induction (Maxwell equations) states the open circuit voltage induced across the coil 

(electromotive force (EMF)) presented in equation 2.9 

 𝜀(𝑡) = −
𝑑𝜑

𝑑𝑡
= −𝑁

𝑑(𝐵𝑐 ⃗⃗ ⃗⃗  ⃗. 𝐴𝑐⃗⃗⃗⃗⃗⃗ )

𝑑𝑡
                                                      2.9 

 

The  
𝑑(𝐵𝑐 ⃗⃗ ⃗⃗  ⃗. 𝐴𝑐⃗⃗⃗⃗⃗⃗ )

𝑑𝑡
   defined as 

𝑑 𝐵𝑐⃗⃗ ⃗⃗  ⃗

𝑑𝑡

𝑑𝑡

𝑑𝐴
=

𝑑2𝐵(𝑥)

𝑑𝑥𝑑𝑦
 and  

𝑑 𝐴𝑐⃗⃗⃗⃗⃗⃗ 

𝑑𝑡
=

𝐴𝑐

𝐿

𝑑𝑧

𝑑𝑡
. 

 

 

 

 

 

 

 

Figure 2.13: The vibration EMEH with mechanical frequency up-conversion method 

design in [22,23]. 

 

          The  
𝑑 𝐴𝑐⃗⃗⃗⃗⃗⃗ 

𝑑𝑡
  depends on the mechanical deflection of the cantilever beam. In [22, 

23] z (t) is the function of sine wave displacement of the cantilever with the maximum 

value of Z with an input frequency of (f) and exponential effect of total damping on the 

wave. The equation indicates the z(t); 

z(t) = Z e−ζωnt sin(ωnt + θ)                                          2.10 

The RMS output voltage and power in the results decreased while the power density 

and resonance frequency increase with scaling down the harvester dimensions.  
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            In [24] the vibration EMEH system is modelled with equivalent circuit elements 

as shown in Fig2.14(a). They are self-inductance of coil Lc, the internal resistance of 

coil Rc and a voltage source Vemf. These components are in series with the load 

resistanceRL. So, we have equation2.11 

𝑉𝑜𝑢𝑡 = 𝑉𝑒𝑚𝑓 − 𝑖(𝑅𝐿 + 𝑅𝑐 + 𝑗𝜔𝐿𝑐)                                          2.11 

|𝑉𝑜𝑢𝑡|

|𝑉𝑒𝑚𝑓|
=

𝑅𝐿

𝑅𝐿+𝑅𝑐+𝑗𝜔𝐿𝑐
                                                                   2.12 

 The Vemf = φ
dz(x)

dt
 and φ = NBlc ,

dz

dt
= ż and modelled with mass-spring-damper 

motion equation as shown in Fig2.14 (b). The motion equation with input vibration of 

y = Y sinωt is written in equation 2.13. 

mz̈ + (cm + ce)ż + kz = −mÿ                                

So the |ż| =
Y(

ω

ωn
)ω

√1−(
ω

ωn
)
2
+{2(ζm+ζe)(

ω

ωn
)}

2
 where the ζ =

c

2 Meqωn
 and Meq =

33

140
mbeam +

mcoil. The assumption of fundamental frequency is the resonance frequency  

(ω = ωn). 

Base on above equations 𝐹𝑒 =
𝜑2𝑧̇

𝑅𝐿+𝑅𝑐+𝑗𝜔𝐿𝑐
  therefore 𝜁𝑒 =

𝜑2

2 𝑀𝑒𝑞𝜔𝑛(𝑅𝐿+𝑅𝑐+𝑗𝜔𝐿𝑐)
 . 

Figure 2.14: The modelled EMEH presented in [24] with a) equivalent circuit elements 

b)mass-spring-damper schematic c) the design. 

 

    2.13 



       

33 

 

 

Halim and Park in 2014 used the same modelling technique as in [24] for a non-

resonance, frequency up conversion EMEH [25] with different motion equation as 

shown in Fig 2.15(a). In this design, the input force from a nonmagnetic ball generates 

the vibration of the magnet in a cylindrical helical spring beam (stiffness is k) structure 

shown in Fig2.15 (b). The EMF voltage 𝑉𝑒𝑚𝑓, the cantilever beam velocity 𝑥̇ and spring 

stiffness (k) modelled. 

Figure 2.15: The cylinder tube, helical spring structure and up conversion, non-

resonance vibration EMEH a) mass- spring-damper schematic b)the design c) the 

numerical analysis. 

 

Where the ζ is damping ratio and natural frequency of damping (ωd) to the natural 

frequency of spring (ωn) is √1 − ζ2.   

          Saha in 2008 modelled cylindrical structure with magnet springs in one or both 

end of the cylinder with finite element simulation of the force to displacement graph 

[26].There are one or two moving magnets with displacement in x-plane that defines by 

equation 2.14. 

𝑥(𝑡) = {
𝑥 , 0 < 𝑡 < 𝑡0

𝑋𝑒−𝜁𝜔𝑛𝑡 sin(𝜔𝑑𝑡 + 𝜃),   𝑡 > 𝑡0
}                                2.14 

ωd, ζ are as the same as the previous paper’s definitions. The total force FT = kx(t) =

Fm1 + Fm2 where Fm1and Fm2 are the repulsive force magnitude of middle magnets in 

respect to magnets at the ends. 
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            Munaz et al. in 2013 followed the same design as [26] but for simplicity of 

modelling magnet-coil system assumed single turn coil moves through single magnet 

[31]. Basically, magnetic flux density defines B = µ0 (H + M), Nm
A⁄  and the point 

charge q = BA. In the magnet magnetization is Bm =  µ0M and qm = Bm(πrm
2) and 

for the coil Bc = µ0H. The facts are a) the total magnetic flux is arising from point 

magnetic charge qm, b) a single coil with a close loop according to Gauss’s law 

(maxwell’s equations, ∮ 𝐵⃗ 𝑑𝐴 = 0) has the zero  flux,  c) the area around a point charge 

is sphere cap A =
2πR(R−H)

4πR2   as shown in Fig2.16 at both ends of magnet. So, the total 

magnetic flux indicated in equation2.15. 

φ = qm
2πR(R−H)

4πR2 =
qm(R−h)

2R
=

qm(√rc2−h2−h)

2√rc2−h2
                          2.15 

Since the charges in poles are opposite signs indicated by (qm, −qm)  and 

magnetic flux through the wire changes modelled using a sign function in distance of  

H +
lm

2⁄  and H −
lm

2⁄  so with one magnet we have φ = φ1 + φ2 and with two 

magnets is φ = φ1
′ + φ2

′ + φ3
′ + φ4

′. 

 

 

Figure 2.16: Schematic of the modelling parameters definitions. 

 

             The above model [31] was simulated using MATLAB software for open circuit 

voltage while examining the Finite element analysis (FEA) of ANSYS for the magnetic 

field area and flux line of the magnet. Besides, the mechanical vibration checked by 

running an experiment on the system.  As the results, with the resonance frequency of 6 
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Hz the maximum RMS open circuit voltage is 3.4V, which has the potential 

applications in human wearable devices and wireless sensor nodes.  

2.4.2 Power Converter interface and Load  

 

               The power converters as an electrical interface in power management circuit at 

the output channel comprise of AC/DC or/and DC/DC (control and voltage regulator) 

system. The electrical interface for PEH and EMEH is the same. They can be modelled 

with standard circuit elements to maximise the delivered energy to the load as power 

transfer electronics. On the other hand, a cantilever base PEH or EMEH system utilises 

as a transducer to harvesting energy from ambient vibration energy in the form of AC 

signal. Then, the energy stored in a load such as a capacitor, super capacitor or a 

rechargeable battery as a DC output voltage.  

            There have been several studies undertaken considering the problem of the low 

output voltage and developing passive and active power management circuit to supply 

the circuit and transfer the maximum harvested energy to the load [5, 21, 60-64].The 

passive circuitry commonly utilises a diode bridge rectifier (AC/DC converter) and an 

active circuitry represents by a switching power converter. In general, active circuits 

have some advantages such as the high capacity of harvesting energy even when the 

peak voltage of the transducer is lower than the output voltage of the interface circuit 

and provides high conversion efficiency. However, they imply more complexity, a 

necessity of power connection, cost and size issue in the system. 

 Two power conversion interface circuits tested for a piezoelectric energy 

harvester in [65] consisting a passive full-wave bridge rectifier (FWBR) and an active 

full-wave (the bridge could be H-bridge with CMOS or L-bridge with n-channel 

MOSFET) synchronous rectifier (FWSR) were both fabricated in a 0.25µm CMOS 

process. What is interesting in their performance is the 37% higher output power from 

the active FWSR than the passive FWBR circuit in the 82 kΩ load. 

            Furthermore, an electromagnetic energy harvester in [5] with a full-cycle 

inductive step-up AC/DC converter was manufactured, being a self-powered and an 

active electronic interface. This circuit with an electromagnetic transducer has been able 

to process every voltage pulse to harvest energy from human motion through several L-
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C resonance cycles. The output data from [5] indicates 40% conversion efficiency, 

1.4µW output power on a 18 kΩ load and 260mJ stored energy in a 1mF capacitor by 

applying 1 g of external acceleration in 240s at the mechanical resonance frequency of 

10.4 Hz. 

         Above results clearly confirmed the improvement of the active interface circuit 

over the passive one. However, there is inconsistent evidence for the claim that 

modified passive and active interface circuitry perform counter wise as explained below 

[66]. 

 A pulse width modulation (PMW) controller can add to a typical inductor 

switching mode DC-DC boost converter that commonly steps up the DC output of a 

passive rectifier. So, exploiting of a feed forward and feedback control as voltage mode 

controllers decrease the signal errors. This interface circuitry provides authority to the 

variety of the input voltage and results in the maximum output power of 35 mW. 

Moreover, diminishing of the duty ratio (D) which is the ratio of “on” time cycle to the 

total period can improve the conversion efficiency(𝜂) because of vice versa relation 

between them. 

 As mentioned before, the conventional passive rectifiers utilise diodes have 

mainly high voltage drops because of the direct relationship between the threshold 

voltage of diodes with the amount of output power loss [66]. In fact, This is the reason 

of low efficiency of the diode rectifiers while making them a suitable choice for low 

power systems without the need to be powered [66]. In [62, 66] a full wave bridge 

rectifier (FWBR) utilising a diode-connected PMOS transistors as low threshold voltage 

diodes instead of diodes were employed. This electronic interface was clamped and kept 

the output voltage at a certain level and decreased the input voltage to small voltage in 

output terminal. This structure reduced drain to source current (𝐼𝑑𝑠) and gave freedom 

to the output voltage to change without significant impedance in load. The other 

possible rectifier is a gate cross coupled (GCC) in [67] which is an improved version of 

FWBR, where a pair of diode-connected PMOS replaced with cross-connected NMOS 

transistors. In fact, the improvement of gate cross coupled rectifier (GCCR) comparing 

to a full wave bridge rectifier (FWBR) includes its conversion efficiency of the circuit 

to boost from 25% to 30% as reported in [21]. Replacing the threshold voltage of a pair 



       

37 

 

 

of diode-connected PMOS with the drain-source voltage of NMOS is the reason for this 

improvement, although both of these circuits suffer from high diode threshold voltage. 

 The boot strap rectifier (BSR) circuit in [21] which is a passive interface 

electronics for the vibration based electromagnetic energy harvester system fabricated in 

the 0.35µm standard CMOS process on the chip. This bridge rectifier circuitry used a 

pair of NMOS transistors of GCCR and replaced two other pairs with modified diode 

blocks with the internal 5 pF capacitor that connected to the bulk regulating transistors 

to avoid any latch up the effect of PMOS devices and work as DC/DC step-up 

converter. The quantities reported in this design are significant and comparable to 

results from [65] and [23], delivering the conversion efficiency of above 60%, 

minimum power losses, 128µW DC output power and 1.6 V DC voltage on the load 

across the 10µF external capacitor at the resonance frequency of 2 Hz. 

 The passive and active circuits at the load can be defined as purely resistive ones 

while approximation of the output is not convincing [49]. Contrarily, a capacitive load 

with a converter is the more realistic operational condition. In [49] a PEH system 

designed with an optimal density of 1𝑐𝑚3, 2.5 𝑚 𝑠2⁄  acceleration and 120 Hz 

frequency. The result from the system with the resistive load shows the transfer of 

375𝑊𝑐𝑚−3power while only 190Wcm−3 is transferred to the capacitive load. These 

statistics are justified by the effect of the Rectifier Bridge of diode’s threshold voltage 

and power loss.   

 In [59] the PEH system’s dissipation and harvesting concepts across loss factor 

studied with considering the power converter and storage units as a shunt circuit. The 

loss factor explained as a ratio of energy dissipation per cycle (2π) to maximum 

vibration energy. First, the shunt circuit defines as a nonlinear circuit composed of a 

filter capacitance parallel to a load as the output to an electronic interface of an AC/DC 

passive rectifier. Next, the piezoelectric transducer is connected to a single resistor as 

shunt damping. The result showed that the first circuit in [57, 59] has a maximum 

energy harvesting factor that is also the maximum energy loss factor without its 

dissipation. But, the resistive shunt circuit with zero harvesting of energy provides the 

maximum dissipation factor as the loss factor.  
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 There are some other non-linear techniques that are implemented at the load to 

harvest more power from piezoelectric generators such as synchronous electric charge 

extraction (SECE) and synchronous switch harvesting on the inductor (SSHI). The 

synchronous switch harvesting on the inductor (SSHI) contains a switching device in 

series with an inductor parallel to the piezoelectric circuit before the bridge rectifier and 

a capacitor parallel to the battery after the bridge rectifier [4]. In [68] a SECE flyback 

converter is embedded at the load that stored about 55% more output power than the 

standard load (the circuit losses were not considered and acceleration is above 51mg). In 

this circuit, the bridge rectifier output is considered as the SECE flyback input voltage 

including a magnetised inductor that is charged by the piezoelectric capacitor. This part 

is connected in parallel to a transformer and series to two N-channels MOSFET that 

work as switches for the primary and secondary transformer. This circuit passes the 

generated gate-drive waveforms to a microcontroller to transmit the output. Although 

the second N-channel MOSFET is coupled in parallel with a diode to avoid losses, there 

are some power losses in the transformer and the microcontroller. These losses are 

inevitable for microcontroller but in the transformer’s design effective parameters 

decreasing this effect such as geometry, the inductor magnetisation, the transformer 

core and turns are already included [68]. 

2.5 State of the Art and Potential Applications 

 

2.5.1 PEH-shoe insert 

 

 One of the applications of piezoelectric energy harvesting system is in wearable 

electronics. Shenck and Paradiso in 2001 proposed an energy harvesting unit where a 

piezoelectric material installed at the heel or sole of a shoe and extract useful energy 

from the waste energy of walking [3]. The piezoelectric material is either a flexible, 

multilaminar polyvinylidene fluoride (PVDF) or a bimorph lead zirconate titanate 

(PZT) [3]. Starner in 1996 analysed various human activities and discovered the reason 

for embedding the piezoelectric materials in the heel of the shoe is that the heel strike 

has the most tapping source of waste energy[69].  
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2.5.2 PEH/EMEH-condition monitoring 

 

 Park et al. in 2008 reviewed low power embedded structural health monitoring 

SHM sensing system to develop energy harvesting [70]. In fact, a proper sensor network 

to detect damages and manage these data for signal processing for SHM is needed. 

Piezoelectric patches are usable as a sensor or actuator that is embedded in the structure 

to measure the mechanical strain. James et al. in 2004 introduced an electromagnetic 

generator power source for condition monitoring applications[10]. As a result, 

piezoelectric and electromagnetic energy harvesting system is used as a sensor network 

for condition monitoring applications. 

 

2.5.3 PEH/EMEH in-ear device 

 

 Delnavaz and Voix in 2014 designed a hydro electromagnetic energy harvester 

and piezoelectric energy harvester which harvested energy from ear canal dynamic 

motion [71]. The experimental setup and the module of the hydro electromagnetic 

energy harvester shown in Fig 2.17, this device provides the maximum power of 2 µW 

from jaw joint motion. On the other hand, Piezoelectric energy harvester is a ring made 

of a flexible sheet of polyvinylidene fluoride (PVDF) which is a piezoelectric material 

mounted on a headset and generates 0.2µW power. As a result, ear canal dynamic 

motion can be used as a source of human power. 

 

 



       

40 

 

 

 

Figure 2.17: Hydro electromagnetic energy harvester. Experimental set up on the left 

and energy harvester module on the right [67]. 

 

2.5.4 EMEH-remote car key 

 

 Li et al. in 2013 proposed a novel non-resonance electromagnetic energy 

harvester which harvested the energy from a low frequency and large amplitude 

motion[72]. There is a round flat permanent magnet moving freely in a round flat cavity 

and packaged on both sides by printed circuit boards embedded with multi-layer copper 

coils[72]. This non-resonance electromagnetic energy harvester provides enough energy 

to used as a remote car key with maximum open circuit voltage of 1.1V. Therefore, 

integration and assembly of this energy harvester with a simple structure and 

comparable size to a coin battery CR2032 is not costly. 

 

2.6 Summary 

 

         In this chapter, different parts and design process of existing piezoelectric and 

electromagnetic harvesting system from ambient vibration source reviewed and 

presented as a summary flowchart in Fig 2.18 and 2.19.   



       

41 

 

 

Figure 2.18: Schematic of parts in vibration energy harvesting system using 

piezoelectric and electromagnetic mechanisms.  

 

 

Figure 2.19: Flowchart of design process in vibration energy harvesting system. 
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 CHAPTER THREE 

 DESIGN OF AN ELECTROMAGNETIC ENERGY HARVESTING 

SYSTEM 

  

3.1  Synopsis 

 

 Firstly in this chapter presents the design and analytical modelling of the 

vibration based EMEH system. The scavenge of vibration energy from the system 

explained with a single degree of freedom (SDOF), spring-mass-damper system.These 

are used in the mechanical domain to explain the coil displacement and used Faraday’s 

law to calculate the EMF voltage. The fundamental frequencies in the range of 2-56 Hz 

to evaluate output voltage at the up-converted frequency(𝑓𝑛) tested. The peak voltage of 

𝑉𝑒𝑚𝑓 with the effect of coil displacement has following changes. Firstly, decrease of the 

maximum output voltage with an increase of cantilever length. Then, rising of the 

maximum output voltage follows an increase in resonance frequency. 

 
 

3.2 Vibration based EMEH 

 

3.2.1 Design and modelling 

 

 The cantilever beam structure, up conversion mechanical frequency, resonance 

EMEH system is shown in Fig 3.1(b) with a pick up coil on the free end of a beam that 

has a clamped end on the other side mounted. There is a magnet on a diaphragm with 

low excitation frequency (f) and the mechanical barrier arm connected to it. The 

mechanical barrier when the diaphragm moved touches the cantilever beam on the 

opposite side that carry the coil as a tip mass. The generated vibration in cantilever is in 

resonance frequency (𝑓𝑛) which is up converted frequency without driving force acting 

on the cantilever beam.   

           Above design as a vibration based EMEH with single degree of freedom (SDOF) 

can be modelled with analytical lumped parameters as spring-mass-damper system in 

Fig 3.1(a) and motion function define in equation 3.1as below, 

mz̈ + kz = −(𝑐𝑚 + 𝑐𝑒)ż           3.1 
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In the un-damped motion c = 𝑐𝑚 + 𝑐𝑒 = 0 so equation 3.1 written as, 

𝑑2𝑧(𝑡)

𝑑𝑡2 = −
𝑘

𝑚
 𝑧(𝑡)                                                     3.2 

 

  

Figure 3.1: Schematic of tested model for EMEH a) mass-spring-damper equivalent b) 

the design parameters with magnet dimensions (Lx, Ly, Lz).  

  

In equation 3.1 the mass at the tip (coil) is denoted by m where the F = ma. The 

total damping coefficient (c) denotes by mechanical damping coefficient, cm, and 

electrical damping coefficient, ce, (c = cm + ce). The k is the cantilever beam stiffness 

where F = −kz based on Hook’s law. There is no input excitation for cantilever beam 

movement y(t) = 0.  

With boundary condition of at t = 0, z = −Z2 the relative displacement of mass 

(coil) is given as: 

 z(t) = −𝑍2𝑒
−𝜁𝜔𝑛𝑡sin(𝜔𝑛𝑡 + 𝜃)                  3.3 

 The electromagnetic coupling in the mechanical domain for a magnet-coil 

system is only associated with the mass oscillation velocity (ż) while the energy from 

motion transferred to the electrical domain [51, 73].  

 The induced voltage ε(t) is expressed in equation 3.4 using the magnetic field in 

the coil Bc in equation 3.6 (the constant value for magnetic field density in and around 

the coil assumed) where 𝐵𝑚 =  𝜇0M. The coil surface area Ac in the x-y plane on the 

cantilever with length (L) and coil radius (𝑟𝑐)indicated in equation 3.5. 

(a) (b) 
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ε(t) = −
d∅

dt
= −N|Bc

⃗⃗⃗⃗ |
𝑑𝐴𝑐

dt
                                              3.4 

                                                         Ac(t) =
|z(t)|

L
πrc

2                                                   3.5 

𝐵𝑐 =
𝐵𝑚

𝜋
[tan−1 (

𝐿𝑦𝐿𝑧

2𝑑√𝐿𝑦
2+𝐿𝑧

2+4𝑑2
) − tan−1 (

𝐿𝑦𝐿𝑧

2(𝑑+𝐿𝑥)√𝑑𝑦
2+𝑑𝑧

2+4(𝑑+𝐿𝑥)2
)]                   3.6 

                                         fn =
𝜔𝑛

2π
=

1

2𝜋
√

k

meq
                                                      3.7 

In equation 3.7 the quantity k is elastic energy of the spring which is defined in  

equation 3.8 as function of elastic module (Yc), dimensions of cantilever (length (L), 

width (W), thickness (h)) and the coil radius (rc) while meq is coil mass (mc) and 

33
140⁄  cantilever mass (mbeam). 

𝑘 = 2 𝑌𝑐
𝑊ℎ3

𝐿3

1−(
2𝑟𝑐
𝐿

)

3−(
2𝑟𝑐
𝐿

)
3
+(

2𝑟𝑐
𝐿

)
4                                            3.8 

Since ωn = √
k

meq
, the damping ratio of cantilever beam, ζ =

c

2√kmeq
  

 

3.2.2  Testing and Simulation 

 

3.2.2.1 Input Vibration for Up Converted Frequency 

 

The damped displacement of coil simulated in Simulink of MATLAB R2013b 

according to equations 3.9 and 3.10 

Z (t) =A0e
f(t) sin(2πfn t)                                              3.9 

fn =
Nn

Tn
                                                              3.10 

 In above equations, A0 is maximum tip displacement, the algebra event converts 

to a repeated function f (t). Also, fn evaluates the periodic frequency consist of Nn as 

the number of peaks and Tn as the period in each time interval. 
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Figure 3.2: The Simulink block diagram of mass displacement z (t) in vibration based 

EMEH. 

 

The block diagram shown in Fig 3.2 represents the upward and downward 

displacement of mass as shown in Fig 3.3 and Fig 3. 4.  

 

Figure 3.3: Upward 𝑧 = 𝑍1 signal under vibration frequency of 2Hz  
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Figure 3.4: Downward z = −Z2 signal under vibration frequency 2Hz. 

 

The vibration of cantilever z (t) with up covered resonance frequency (fn) when 

input frequency is f = 2, 7, 56 Hz shown in Fig 3.5, Fig 3.6, Fig 3.7.  

 

Figure 3.5: Simulated AC voltage signal  f = 2 Hz. 

 

Figure 3.6: Simulated AC voltage signal f = 7 Hz. 
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Figure 3.7: Simulated AC voltage signal f = 56 Hz. 

 

3.2.2.2 Evaluation of EMEH System 

The evaluation of EMEH is according to 
Vemf

Ac(t)
, where Vpeak = max (|Vemf|), 

cantilever length (L) , resonance frequency (fn = √
k

meq
) and cantilever, coil and magnet 

parameters given in Table 3.1 .The Fig 3.8 and 3.9 show the variations of Vpeak with 

respect to L and fn. 

 

Table 3.1: The cantilever, coil and magnet parameters in simulation 
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V
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Coil Magnet Cantilever 

Magnet-coil gap, 

dg = 2.2mm so d=dg +

rc 
Coil turn radius, 

rc = 3.75 mm 
Coil wire radius, 

rw = 120 µm 
Coil turns numbers, 

N = 100 

Coil resistance, Rc =
3.54 Ω 

Coil density, ρc =

8.92
g

cm3⁄  

Vm = Lx × Ly × Lz =  7.5 ×  7.5 ×  7.5 mm3 

Bm = 1.2 T 
 

Tip displacement, A0 = 2mm 

Mechanical Damping ratio, ζm= 

0.018    

Elastic modulus, Yc=3.2 GPa  

Resonance frequency fn 

Vbeam = L × W × h = 9 × 7.5 ×
0.5 mm3   

Cantilever density,ρ = 1.2 
g

cm3⁄  
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Figure 3.8: The changes of Vpeak to the length of cantilever (L). 

 

Figure 3.9: The changes of Vpeak to the resonance frequency (fn). 
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3.3 Summary 

 

The formulation of resonance, up-converted vibration based EMEH system with 

considering parameters variation by cantilever movement and coil-magnet movement 

and these movements related to each other are extracted and shown in Table 3.2. 

 

Table 3.2: Outline of model 

Output 

voltage 

 

Magnetic flux 

density in the 

coil 

 

 

 

Coil 

displacement

s 

 

   

𝑉𝑒𝑚𝑓 = −N|Bc
⃗⃗⃗⃗ |

|z(t)|

L
πrc

2 

𝐵𝑐 =
𝐵𝑚

𝜋

[
 
 
 

tan−1

(

 
𝐿𝑦𝐿𝑧

2𝑑√𝐿𝑦
2 + 𝐿𝑧

2 + 4𝑑2
)

 − tan−1

(

 
𝐿𝑦𝐿𝑧

2(𝑑 + 𝐿𝑥)√𝑑𝑦
2 + 𝑑𝑧

2 + 4(𝑑 + 𝐿𝑥)
2
)

 

]
 
 
 

 

Z (t) =A0e
f(t) sin(2πfn t) 

 

fn =
Nn

Tn
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 CHAPTER FOUR 

  

  

 DESIGN OF A PIEZOELECTRIC ENERGY HARVESTING SYSTEM 

 

4.1 Synopsis 

 
 

 Firstly in this chapter presents the design and analytical modelling of the 

vibration based PEH system. The scavenges of vibration energy from the system with 

an equivalent circuit elements modelled. The circuit components for the mechanical 

domain of transducer defined with some ratio of stress to strain. The electrical function 

of piezoelectric material presented with single capacitor where the dielectric constant 

and dissipation in piezoelectric material neglected. The electrical interface for 

converting the AC output results to usable DC output and a regulator used at the output 

channel. The proposed model calculated the output current for a resistive load and a 

capacitive load. The results from Simulink tested for different piezoelectric materials 

and alternative size changes of the transducer. These changes are given different 

resonance frequency each time that shown the dependence of resonance frequency to 

material type and the size of them in the system. 

 

4.2 Vibration based PEH 

 

4.2.1 Design and modelling 

 

 Two layers of piezoelectric material as a cantilever beam with the structure of 

31-mode as a bimorph (one inactive layer between two active layers) for the vibration 

PEH system designed as shown in Fig 4.1.  

           The piezoelectric effect in active layers can be explained by the coupling 

between internal dielectric polarisation from applying stress and the strain in the atomic 

arrangements of materials [74]. Based on the analytical formulation of piezoelectricity 

the constitutive equation of a linear piezoelectric material defines as mentioned in 

equation 4.1. 
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[
D
S
] = [ d εT

sE dt] [
T
E
]

3

                                                      4.1 

 

           T and E are the stress induced by mechanical and electrical effect respectively. E 

as electric field vector (a 3 × 1 matrix,
V

m
) and T is mechanical stress vector (a 6 ×

1 matrix,
N

m2
).The sE is the elasticity (a 6×6 matrix, 

m2

N
) for constant E while the εTis 

the dielectric constants (3×3 matrix, Farad/m) for constant T [75]. 

           In the cantilever type, vibration based PEH considers firstly, the electrical field 

(E)/displacement (D, a 3×1 matrix, 
C

m2
) in the z-direction, the mechanical 

stress(σ)/strain (S, a 6×1 matrix) in the x-direction. Then, the electric field and stress 

variables are independent. So equation 4.1 can be written as below, 

 

             {
S1 = s11

E T1 + d31E3

D3 = ε33
T E3 + d31T1 

}                                                 4.2 

 

 

 

 

 

 

 

 

Figure 4.1: Schematic structure design of a 31-mode, bimorph vibration PEH system. 

 

 The physical relation of the stress(σ)/strain(S), in materials, is stated by Hooke’s 

law that given in equation 4.3 and recognised as Young modulus or elasticity 

modulus(Y) in equation 4.4 for the active layer (Yp) and inactive layer (Yc).   

                                                 

3
 Appendix C 
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{S} = [sE]{σ}                                                      4.3 

  
𝜎

𝑆
=

1

s11
E = 𝑌                                                      4.4 

The vibration PEH transducer modelled with lumped parameters using mass-spring-

damper schematic as given in Fig 4.2 (a) and its equivalent circuit elements for 

mechanical and electrical domains shown in Fig 4.2 (b).  

 

Figure 4.2: The lumped parameters for modelling PEH system a) mass-spring-damper 

model b) equivalent circuit elements (i) with resistive load (𝑅𝐿) (ii) there is a full bridge 

diode rectifier with states of either 𝐷1, 𝐷3 conducting in positive cycle or 𝐷2, 𝐷4 

conducting in negative cycle. There is a state where all four diodes are not conducting. 

 

        First, in the mechanical domain there is a relationship between the kinetic energy 

of inertia (m), elastic energy of spring stiffness (k) and energy dissipation of damper (c) 

of the design structure with stress and strain of the piezoelectric material. Moreover, the 

electromechanical coupling (K31 = d31√
Yp

ε
 ) is modelled as a transformer to relate 

stress to the electric field. 

        Last, in the electrical domain that usually modelled by an RC circuit, in this work, 

R that represents the dielectric of piezoelectric material neglected and (𝐶𝑝) defines the 

piezoelectric layer capacitance. Since there are two piezoelectric layers with the same 

capacitance (C) (same piezoelectric material) in parallel or series poles relation, the 

piezoelectric capacitors are in the relation of equation 4.5 where C define in equation 

4.6. 
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  Cp = 2C or Cp =
C

2
                                                        4.5 

   C =
𝑄

𝑉
=

𝜀𝐴

𝑡
                                                                   4.6 

       The parameters in capacitance (C) consist of the charge (Q) and voltage (V) of the 

capacitor that are equal to the physical feature of the capacitor including 

permittivity (𝜀 = 𝜀𝑟𝜀0), the area between two plates (A), and the distance between 

plates (t). 

       The Power converter interface modelled with a purely resistive shown in Fig 4.2 (b-

i) or a full wave bridge diodes rectifier (FWBR) for AC/DC convert with a capacitive 

load (𝐶𝑠𝑡) shown in Fig 4.2 (b-ii) which could have a regulator (DC/DC converter) with 

a load after the storage capacitor. 

        The system equation 4.7 can be obtained by applying Kirchhoff’s voltage law 

(KVL) for the circuit in Fig 4.2 (b).  

σin = σm + σc + σk + σt                                               4.7 

The parameters σin, σm, σc, σk, σt for equivalent circuit elements all well defined in 

Table 4.1. 
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Table 4.1: The lumped parameters model of a 31-mode, bimorph PEH system 

 

 

Variables Components Unit Description 

σm = k1mz̈ = k1k2mS̈ Lm = k1k2m (
kg

m
) 

Inertia stress is function of cantilever 

displacement while base on the Euler-

Bernoulli model [8, 9] 
d2z

dx2 =
M(x)

CpI
 ,where 

σx =
M

I
z = −zCp

d2w

dx2  and σ = CpS 

σc = c k1k2Ṡ Rc = c k1k2 (
N. s

m2
) 

Damping coefficient relation to  stress and 

strain 

σk = Y𝑝S Ck = Yp (
N

m2
) Stiffness relation with stress and strain 

σt = −d31YpE N = −d31Yp - 

V = Etp 

Transformer relates stress to electric field at 

zero strain [10], considering equation (15) 

and   

σin = k1mÿ σin = k1mÿ (
kg

m. s2
) 

Input source is the stress which is function of 

input excitation 

k1 =
b(2lp + lm − le)

2I
 

k1 

 
(

1

m2
) 

The first constant, which shows cantilever 

dimensions relation 

k2 =
lb
2

3b

(2lp +
3
2
lm)

(2lp + lm − le)
 k2 (m) 

The second constant, which shows cantilever 

dimensions relation 

F = Fin + Fm F=m(ÿ + z̈) (N) 
Total force = input excitation force+ mass 

force 

I = 2 [
wtp

3

12
+ wtpb

2] +
Yshwtsh

3

12Yp

 I (𝑚4) 
The effective moment of inertia is function of 

piezoelectric and the shim layer dimensions 

M(x) = m(ÿ + z̈)(lp +
1

2
lm − x)           M (

𝑁

𝑚
) 

The moment is the force multiplied by the 

distance 

lp, tp,Yp is the piezoelectric layer length, thickness and Young Modulus   tsh, Ysh is the shim layer thickness and Young 

Modulus, b =
tp+tsh

2
, le is the electrode length, 𝑙𝑚  𝑖𝑠 𝑡ℎ𝑒 𝑚𝑎𝑠𝑠 𝑙𝑒𝑛𝑔𝑡ℎ, 𝑚 = 𝜌. 𝑙. 𝑤. 𝑡 is the inertia 
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𝐶𝑝 =
𝑎2𝜀𝑤𝑙𝑒

2𝑡𝑝
                                                         4.8 

        The piezoelectric capacitance (𝐶𝑝) in equation 4.8 defines base on equations 4.5 

and 4.6 where a = 1 in series, a = 2 in parallel. 

        The electric field (E) in two active layers with thickness (𝑡𝑝) defines in equation 

4.9. 

 E =
aV

2tp
                                                              4.9 

         In equation 4.2 when E=0 the  S1 = s33
E T1 𝑎𝑛𝑑 D3 = d3iT1 . With substituting 

T1 in D3 and with respect to equation 4.3 and 4.4 electrical displacement , D3, which is 

displacement in z direction according to coordinates in Fig 4.1define as equation 4.10. 

 D3 = d3i S1𝑌𝑝                                                  4.10 

          The current in electrical domain in equation 4.11 is consist of charge (𝐷̇) in the 

density of electrodes (𝑤 × 𝑙𝑒). So the current in equation 4.12 obtained by considering 

equation 4.10 in equation 4.11.  

𝑖 = 𝑎𝑤𝑙𝑒𝐷̇                                                        4.11 

𝑖 = 𝑎𝑤𝑙𝑒𝑑31𝑌𝑝𝑆̇                                               4.12 

            The Kirchhoff’s current law (KCL) applied in the electrical part that is the 

transducer’s electrical domain, power converter interface and the storage element. 

 

           The current with considering a) the electrical domain of transducer only 𝐶𝑝 when 

FWBR is not conducting b) a resistive load 𝐶𝑝𝑅𝐿 in parallel c) the power converter and 

capacitive load 𝐶𝑠𝑡 parallel to 𝐶𝑝,  formulated in equation 4.13, 4.14 and 4.15 

respectively. According to Kirchhoff’s current law (KCL) in electrical part of circuit in 

Fig 4.2 (b) we have, 

 

𝑖 = 𝐶𝑝𝑉̇                                                            4.13 

𝑖 = 𝐶𝑝𝑉̇ +
𝑉

𝑅𝐿
                                                     4.14 
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                                                           𝑖 = (𝐶𝑝 + 𝐶𝑠𝑡)𝑉̇                                                 4.15 

4.2.2 Testing and Simulation 

 

The PEH transducer’s design is including a bimorph, 31-mode piezoelectric 

cantilever beam while the cantilever size parameters (active and inactive layers) and 

mass size varied as shown in Table 4.2. Then, different piezoelectric materials for 

cantilever are used which change the piezoelectric coefficients as given in Table 4.3 for 

four different materials. 

As mentioned in chapter two there are different parameters that effect on the PEH 

transducer design. So the changes for cantilever and mass size and the piezoelectric 

material layer effect with above modelling investigated. The other parameters such as 

shim layer material, the number of active layers and inactive layers, the electrodes 

physical structure according to piezoelectric layer and the cantilever shape fixed.  

 

4.2.2.1 Changes in Piezoelectric Materials of the PEH Transducer  

 

The circuit parameters in Fig 4.3 based on above model and assumption of input 

acceleration of 2.25 
m

s2  defined in m-file and simulated in Simulink. The Simulink in 

MATLAB R2013b used to evaluate the circuit performance that is a complete model of 

a bimorph, 31 mode vibration based PEH system. 

 

 

Figure 4.3: The Simulink circuit for resistive load. 
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              The above code modified for four different materials to investigate the effect of 

parameters as given in Table 4.2 needed to consider for a piezoelectric material 

transducer for output results. 

 

Table 4.2: The four different piezoelectric materials p [32]. 

 

Piezoelectric 

materials 

 

Strain coefficient 

(𝑑31 × 10−12 

𝑚/𝑉) 

Density 

(𝜌𝑝

𝑘𝑔

𝑚3
) 

Qualit

y 

factor 

𝑄

=
1

2𝜁
 

Coupling 

coefficient 

(𝐾31 ) 

Relative 

dielectric 

constant (𝜀𝑟) 

𝜀 = 𝜀𝑟𝜀0 (𝜀0

= 8.85

× 10−12 

 

Piezoelectric 

Young modulus 

(𝑌𝑝 × 109 𝑃𝑎) 

a. Lead Nickel 

Niobate 
-310 1100 55 3.3×1011 5500 55 

b. Lead Zirconate  

Titanate 
-100 8000 900 2.8× 1011 1050 73 

c. Barium 

Titanate 
-32 6020 600 1.5× 1011 640 125 

d. Lead Titanate -3 7520 950 2.2× 1010 270 128 
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Figure 4.4: The graph of output parameters to the various load value (RL) for different 

materials a) output power (Pout = VoutIout) across (RL) b) output voltage (Vout) in 

output part of circuit. 

 

The output power in Fig 4.4(a) shows the optimal resistance at RL = 50Ω with 

maximum output power at 58 µW for material (a) Lead Nickel Niobate. This material in 

the smallest resistance gives the maximum output peak power. While, the minimum 

output power in the range of 0.01 µW with different load resistance is belong to the 

material (d) Lead Titanate. The comparison between output power result and features of 
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materials in Table 4.2 shows that output power (Pout) proportional to strain coefficient 

of piezoelectric material in 31-mode beam (d31) while the output power (Pout) relation 

to elasticity modulus of the piezoelectric beam (Yp) is vice versa. 

       The output voltage in Fig 4.4(b) indicated output voltage for four material as 

a>b>c>d until R=100Ω but after that the material (b) Lead Zirconate Titanate output 

voltage has the significant increase in compare to Lead Nickel Niobate. The reason for 

these strange changes in the output voltage and power in piezoelectric materials is out of 

the scope of this thesis however it could be the objective of other projects. 

 

 

 

 

4.2.2.2 Physical Size effect in the (Lead Nickel Niobate) PEH Transducer  

 

The effect of the cantilever and mass size adjustment in Table 4.3 as total density 

of PEH system for the piezoelectric material with maximum output power shown in 

Fig4.5. 

 

Table 4.3: The physical cantilever and mass size parameters of the design. 

  
variables Value(decrease) Value [10] Value(increase) Unit 

𝑙𝑝 6.5 11 20 mm 

𝑡𝑝 0.17 0.28 0.5 mm 

𝑡𝑠ℎ 0.08 0.1 0.2 mm 

𝑌𝑠ℎ 110 110 110 GPa 

𝑤 2.0 3.2 4.2 mm 

𝑙𝑒 6.5 11 20 mm 

𝜌𝑚 8800 8800 8800 𝑘𝑔

𝑚3
 

𝑙𝑚 8.5 17 25 mm 

𝑡𝑚 5.0 7.7 10 mm 
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Figure 4.5: The graph of various load reistance to output power with respect to size 

modification of the PEH system. 

 

The results of output power in Fig 4.5 for different output load shows the best size 

for the PEH system is the original one used by previous scholars since they optimise all 

the parameters. However increasing in the size has less exponential decreases in output 

power by increasing the load resistor.   

 

4.2.2.3 Evaluation of PEH System 

 

The resonance frequency where the system size and materials are changing 

according to each other evaluated. The resonance frequency defines as equation 4.1 

𝜔𝑛 = √
𝑘

𝑚𝑒𝑞
                                                          4.1 

“K” is the spring stiffness and “𝑚𝑒𝑞” is a mass of point mass on the free end of 

cantilever and cantilever beam mass.  
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Table 4.4: the resonance frequency changes by four different materials (a, b, c, and d)4 

and changing of transducer size (decrease, original, increase)5 

 

 
a b c d 

Decrease Value 354.0686 399.3097 524.2945 528.2812 

Original Value 172.9918 195.6027 256.9767 259.0363 

Increase Value 131.4606 146.8573 193.4994 194.5633 

 

4.3 Summary 

 

The resonance, bimorph, 31-mode piezoelectric cantilever beam with tip mass at 

the free end design and modelling parameters in equivalent circuit parameters 

simulated. For testing the efficiency of the system the output results according to 

changes in some effective materials in PEH systems as mentioned in chapter two such 

as piezoelectric materials and size of cantilever and mass investigated. Solving the KVL 

and KCL of Kirchhoff’s law in given circuit model gives the output voltage, current and 

the output power of the optimal resistance which is RL = 50 Ω. 

 

  

                                                 

4
 Table 4.2 

5
 Table 4.3 
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 CHAPTER FIVE 

 

 DESIGN OF A HYBRID MECHANISMS OF PIEZOELECTRIC AND 

ELECTROMAGNETIC ENERGY HARVESTING SYSTEM 

 

5.1 Synopsis 

 

 The model of an electromagnetic energy harvester and piezoelectric energy 

harvester investigated in chapters three and four. In this chapter the resonance frequency 

of piezoelectric transducer is estimated. The design flow of a hybrid electromagnetic 

and piezoelectric energy harvester using COMSOL 5 is proposed. The model analysis is 

used to calculate the output voltage and current from the hybrid system. The result from 

the experiment is in good agreement with the simulation results. 

 

5.2 Hybrid Transducer Design and Modelling   

 

The EMEH transducer in the proposed model has the magnet in-line with the coil 

architecture. There are seven NdFeB magnets in opposite poling attached to each other. 

The magnets attached to the free end of a cantilever as a tip mass where the other end of 

the cantilever beam clamped. In fact, the magnet is moving with respect to the fixed coil 

that located under the beam with the internal diameter larger than the magnet’s 

diameter. As the result, the magnet can travel in the coil for the distance of (h).  

The input vibration is from the beam that is the cantilever design structure6. The 

single piezoelectric material layer as an active layer and another inactive layer of steel 

are used in this design. This piezoelectric plate is chosen based on the maximum output 

voltage capacity 𝑉𝑝 ≥ 10 mV and current of Ip = 12mA. Which means the piezoelectric 

material is capable of generating output power in the range of 1.2 mW.  

The input vibration is applied by the tip of a small motor to the free end of the 

beam (the mass that is magnet mounted on the bottom of the cantilever) with the total 

                                                 

6
 Figure 2.2 
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force of (F). while the effect of motor tip rotation is neglected and the maximum 

displacement assumed is downward as in model
7
.  

 

The proposed design is modelled using COMSOL 5.0 as given the details in the 

following section and this system prototype made and tested easily using basic materials 

and electronic lab equipment. 

There are several capacity of developing this work by modelling with the help of 

an analytical model to use lumped parameters or distributed parameters using PDE for 

nonlinear motion equations. 

 
 

5.3 Resonance Frequency 

 

In a VEHS, the resonance frequency of the input vibration depends on the energy of 

elasticity and inertia of the total mass in the system. This parameter is one of the most 

important values since the maximum output power obtained from matching the 

fundamental frequency to the resonance frequency. To find the resonance frequency of 

the piezoelectric transducer we set up a circuit as is shown in figure 5.1(a). There is a 

sine wave function generator to model the input vibration. The AC voltage source is 

connected to an oscilloscope to record the input signal. A 100Ω resistance in series to 

the piezoelectric transducer is connected to an oscilloscope to measure the output signal 

voltage. 

 

 

                                                 

7
 Figure 3.1 



       

64 

 

 

 

Figure 5.1: The electrical circuit to measure the resonance frequency a) the schematic b) 

the experiment set up. 

 

 

Figure 5.2: The variation of impedance (ohm) to frequency (Hz) a) Ref. [75] b) by 

simulation. 
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 Fig 5.2 shows the variation of impedance as a function of frequency that 𝑓𝑎  is 

the parallel resonance (open circuit) and 𝑓𝑟 is the series resonance (short circuit) and the 

relation can explain with equation 5.1 

Z(jω)  =  R +  jωL + 1/(jωC)                                                  5.1 

 Z is the impedance and R, L, C are resistance, inductance and capacitance 

respectively. The angular frequency is (𝜔) that is resonance when the 𝜔0 = ±
1

√𝐿𝐶
.  

            In the experiment in Fig 5.1, the input voltage (Vin) across the function 

generator and also the output voltage (𝑉𝑜𝑢𝑡) across the piezoelectric transducer is 

recorded. The frequency at the minimum ratio of 
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
⁄ is the series resonance 

frequency (𝑓𝑟) which was measured to be 890 kHz for the piezoelectric composite layer 

(T-brass, G-Sus, N-ni-alloy).The experiment set up and the graph presented in Fig 5.3. 
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Figure 5.3: The input and output signal from oscilloscope and the resonance result a) 

input voltage b) output voltage c) input sine wave frequency d) the parallel resonance 

frequency at 890 kHz.  

 

5.4 The COMSOL Software  

  

        The COMSOL Multiphysics is an engineering package that uses finite element 

analysis, solver and simulation to solve design problem for various applications. This 

software uses the finite element method (FEM) to solve nonlinear systems of 

differential equations in one, two or three dimensions with lumped parameter 
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modelling. Also, the software could solve problems related to electromagnetic, elastic 

and dynamic systems. 

 

The key capabilities of the software are: 

 Design and simulation projects in the fields such as  electrical, mechanical, 

physics and chemistry  

 Capability of interfacing with other engineering modelling software such as 

CATIA and MATLAB 

      In this thesis, COMSOL Multiphysics 5.0 is used to design and model the 

piezoelectric and electromagnetic transducer to harvest maximum output voltage 

from the mix mechanisms. 

 

5.4 Geometry of Hybrid System 

 

 The design developed in the 3D environment and used the metric millimetre 

unit. There are a cantilever and a piezoelectric material layer that connected to a mass 

that is magnetic. The proof mass as a reference quantity not only increases the effective 

mass but also decreases the damping that results in the increase in output power. In the 

electromagnetic system design of a simulation, a moving part including cantilever, 

piezoelectric layer and magnet and a fixed part including coil and space are defined. To 

design the coil a workspace in the xy plane in the same plane as the cantilever and piezo 

with the plane geometry of circle with diagonal of 8.5 mm and 1 mm layer is chosen. 

Using “Extrude” drop down option from the list to brings out the coil 10 mm which 

modelled as the 3D coil. The design presented in Fig 5.3. 
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Figure 5.3: 3-D COMSOL design of hybrid piezoelectric and electromagnetic energy 

harvesting. 

5.5 Physics used for Electromagnetic and Piezoelectric Energy Harvester 

 

The electromagnetic energy harvester is a magnet with a remanent flux density of 

10 T in the x-axis and a multi-turn coil with 306 turns. To describe the multi-turn coil 

and the magnet the magnetic field physics used. The maximum distance between the 

coil and piezo is 0.2 mm.  

 For the piezoelectric energy harvester, a base vector system is defined to ensure 

that the force from boundary load in the z-axis is in the same direction as the 

piezoelectric force. The piezoelectric layer is free from one end that is the boundary 

load in the z-axis where the force applied is given by A. X. sin(2 × pi × t × f)  with  

𝐴 = 50000 𝑁 𝑚3⁄  and the fixed constraint is connected to the other end of piezoelectric 

material and cantilever. For this purpose, the solid mechanics physics is used. The 

floating potential and ground in the piezoelectric material are established using 

electrostatics physics.  To show the current generated from the piezoelectric layer or 
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electromagnetic coil, this is measured across a resistor R=1000 Ω using electric circuit 

physics. 

 

5.6 Meshing 

 

 In the meshing, we define how many parts will calculate. For meshing, the 

piezoelectric system the boundaries in the geometry are swept which allows the 

meshing to move and the element size set as fine. The electromagnetic system uses a 

deformed geometry with mesh displacement of 1𝑒−3Ysin (2 × pi × 𝑓0 × 𝑡) m (metre) 

and the meshing defined as physics controlled which is shown in Fig 5.4. 

 

 

Figure 5.4: The meshing of hybrid piezoelectric and electromagnetic energy harvesting 

system. 

 

5.7 Material Properties 

 

       The cantilever is stainless steel and the piezoelectric material is a T-brass, G-Sus, 

N-ni-alloy.  

        The magnet works as a proof mass with strong flux density that is rare earth 

magnet N35. This type of magnet offers up to five times the magnetic energy density of 

conventional Alnico magnets [19]. Neodymium Iron Boron (NdFeB) magnets have the 

most powerful magnetic properties per cubic centimetre known at this time [19]. 

The other properties of materials presented in Table 5.1. 
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Table 5.1: Specifications for device design and materials 
length of piezoelectric cantilever 𝑙𝑝 = 50mm 

width of piezoelectric cantilever 𝑊𝑝 = 35mm 

thickness of piezoelectric cantilever 𝑡𝑝 = 0.2mm 

length of electrode 𝑙𝑒=65mm 

width of electrode 𝑊𝑒 = 37mm 

thickness of electrode 𝑡𝑒=0.2mm 

Diameter of each magnet 𝐷𝑚𝑎𝑔𝑛𝑒𝑡 = 12mm 

Coil resistance 𝑅𝑐𝑜𝑖𝑙 = 0.001Ω 

height of each magnet  𝑡𝑚𝑎𝑔𝑛𝑒𝑡 = 1mm 

coil wire 𝑡𝑐𝑜𝑖𝑙 = 18 AWG 

Number of coil turn 𝑛𝑐𝑜𝑖𝑙 = 306 

Resonance frequency of piezoelectric transducer 

(experimental) 

𝑓𝑛 = 890𝑘𝐻𝑧 

Electromechanical coupling coefficient of 

piezoelectric 

𝑘𝑝 ≥ 0.60 

Piezoelectric strain coefficient 𝑑33 ≥ 0.60 

Piezoelectric capacitance 𝐶𝑝 = 220 ∓ 15% 𝑛𝐹 

Piezoelectric output voltage 𝑉𝑝 ≥ 10 mV 

Piezoelectric electric current 𝐼𝑝 = 12𝑚𝐴 

Piezoelectric material T-brass, G-Sus,N-ni-alloy 

 

5.8 Simulation Result 

 

The stationary and time-dependent studies were chosen to evaluate the system. 

The stationary is a steady state analysis to solve linear partial differential equations that 

do not consider time variation in the model while the time-dependent analysis uses 

distributed parameters to describe nonlinearity of the system parameters. Besides, the 

parametric sweep is used to study the voltage at different frequencies.  

 

5.8.1 Stationary Analysis 

 

          The downward direction (-z) of the cantilever from the applied force results in the 

cantilever vibrating and deflecting the T-brass, G-Sus, N-ni-alloy piezoelectric film. 
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The stationary analysis shows that the beam deflected downward in (-z) direction is in 

the same direction of the applied external load. The maximum displacement of the 

cantilever observed in the free end at the value of 1.52 × 10−3mm which is illustrated 

in Fig 5.5. It shows that the maximum displacement is at the free end and zero 

displacement is at the fixed end. As shown in Fig 5.6 the electric potential is scattered 

on the piezoelectric layer with the maximum value of  4.5 × 10−1 V. The magnetic flux 

density in the coil is the maximum at the value of 8.36 T, which given in Fig 5.7. 

 

 

Figure 5.5: Simulation capture of cantilever’s displacement at sine wave applied force 

with maximum displacement of 1.52 × 10−3 mm at the free end.  
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Figure 5.6: Simulation capture of general electrical potential with the sin wave applied 

force in piezoelectric film with maximum value of 4.5 × 10−1(V). 

 

Figure 5.7: The 3D simulation of magnetic flux density distribution in hybrid system 

with maximum magnetic flux density of 8.36 T in the coil. 
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5.8.2 Parametric Sweep Analysis 

 

The parametric sweep analysis for different frequencies to measure the output 

voltage and current of piezoelectric and electromagnetic energy harvester shown in Fig 

5.8,  

Fig 5.9 and Fig 5.10 and Fig 5.11. The results of the simulation are not well defined for 

the T-brass, G-Sus, N-ni-alloy  piezoelectric film since we do not have enough 

information about the material specification. Fig 5.8 shows the maximum Voltage for 

50 Hz frequency with the value of 4 𝑉. The current from the piezoelectric energy 

harvester calculated along the 1000Ω resistor has a maximum value of 4 𝑚𝐴 at 50 Hz. 

We conclude that 50 Hz is the mechanical resonant frequency of the piezoelectric film 

when there is a maximum displacement of 1.52 × 10−3 mm. There is a coil voltage 

illustrated in Fig 5.10 and Fig 5.11 which shows voltage of 0.23 V at the frequency of 

10 kHz and 1.48 V voltage at 890 kHz. The current in the coil has the same value as the 

voltage while decrease depending on the internal resistance of coil that is following the 

𝑉 = 𝐼𝑅 formula. 

 

 

Figure 5.8: Simulation of piezoelectric system, graph of output AC voltage in the range 

of frequency from 50 Hz to 1 kHz. 
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Figure 5.9: Simulation of piezoelectric system, graph of output AC current in the range 

of f=50 Hz to f=1 kHz and through 𝑅𝐿 = 1 𝑘𝛺. 

 

Figure 5.10: Simulation of electromagnetic coil system, graph of output AC voltage for 

frequency of 10 kHz. 
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Figure 5.11: Simulation of electromagnetic coil system, graph of output AC voltage for 

frequency of 890 kHz. 

 

5.9 Experimental Laboratory Work 

 

Experimental Procedures was: 

 a. The piezoelectric beam is fixed using  wood where the beam screwed onto the 

wood. 

  

 b. The motor that is a 5 V input voltage has a shaft that fixed beside the fixed beam 

and functions as a shaker. 

 c. Two wires were soldered from the beam, one from the piezoelectric layer as a 

positive side and the other one from the substrate that is steel and is connected to the 

negative side (ground). 

 d. The input frequency was measured using a digital tachometer with the frequency 

ranges from 50-200 Hz 

 e. There is a wire with 0.75 𝑚𝑚2 thickness that is wound on a substrate to form a 

coil with 306 turns and resistance of approximately 0.001 Ω. 
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 f. The cylindrical magnets used with 1mm height and 12 mm diameter are the disc 

of N35 NdFeB. There are seven magnets on each other and they all stick to the 

moving end of the beam. 

 g. The hand wound coil soldered to the wire and connected to the oscilloscope, 

which display the output voltage. 
 

 h. The experiment repeated for different input frequencies. 

Figure 5.12: Experimental set up. 

 

Figure 5.13: Experimental graph of frequency versus piezoelectric and coil AC voltage 
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Figure 5.14: Experimental graph for piezoelectric AC voltage to the current. 

Figure 5.15: Experimental graph of coil voltage to current. 

 

 The experimental setup presented in Fig 5.11. The peak value of AC sine waves 

output voltage of coil and piezoelectric film measured in the experiment and the result 

of different frequency and current shown in Fig 5.12, Fig 5.13 and Fig 5.14. The voltage 

had an exponential trend and gradually increases with increasing frequency from 51.86 

Hz to 147.16 and current from 43mA to 82mA as given in Fig 5.12 and Fig 5.14. The 

maximum coil voltage is 0.15V. The Fig 5.12 and Fig 5.13 show the piezoelectric 

output result that also had a growing trend with the increase of frequency and current. 

The maximum output extracted is at 2.5V voltage and 1.9mA current at 147.19Hz 

frequency. The piezoelectric film follows the piezoelectricity effect that makes the 
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piezoelectric film as a voltage source. Therefore, the voltage gain of the piezoelectric 

system is much higher than the current passing through the film.  

 

The experimental results are more accurate than the result from COMSOL 

simulation since we do not have all the piezoelectric generator parameters to insert into 

the model. On the other hand, we cannot test the piezoelectric system in the experiment 

for high frequencies to confirm the 890 kHz electrical resonance frequency that we 

found in the different test on the piezoelectric film. The COMSOL simulation for 

piezoelectric energy harvester shows the maximum voltage of 4 V in 50 Hz frequency 

while the maximum voltage in experimental work appears at 2.5 V with 147.19 Hz 

frequency. The differences between the simulation and experiment can explain due to 

lack of cantilever beam coefficients and the limitations of the simulation software. The 

electromagnetic energy harvesting system works with the generated voltage in the coil 

that shows rising in the experiment and COMSOL simulations. The maximum voltage 

from the experiment is 0.15V at 147.16Hz while this value increase in the higher 

frequency which is 1.48 V at 890 kHz concluded from COMSOL simulation.   
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 CHAPTER SIX 

 

                  CONCLUSION AND RECOMMENDATIONS 

 

6.1 Conclusion and Recommendations 

 

This thesis is focused on propose an effective design for a hybrid piezoelectric 

and electromagnetic energy harvester to increase the output result consist of voltage and 

mainly the output power which presents the capacity of charges storage. To shows the 

increases of output result in the hybrid system the efficient piezoelectric and 

electromagnetic energy harvesting transducer based on the literature in chapter two 

chosen and the output results base on one or two system parameters tested separately. 

The project supported is carried out mainly by experimental work and some simulation 

and modelling using MATLAB 2013b and COMSOL 5. 

 

The results showed that it is possible to harvest energy from piezoelectric and 

electromagnetic device at the same time using the design introduced in this thesis. The 

MATLAB simulation result from single electromagnetic energy harvester shows the 

maximum output result belongs to the highest tested frequency with BSR rectifier as the 

most efficient rectifier. The generated power from single piezoelectric energy harvester 

is a maximum for Lead-Nickel-Niobate as the material with the highest strain 

coefficient and lowest density and Young modulus among other materials. In fact, 

different materials were investigated to establish a relationship between beam vibrations 

and piezoelectric materials. The electrical, mechanical and electromechanical 

interaction of piezoelectric and electromagnetic vibration energy harvester has 

thoroughly had been investigated. 

 

Furthermore, this thesis used COMSOL software to design a hybrid 

electromagnetic and piezoelectric energy harvester device successfully where the output 

results illustrated in chapter 5. The piezoelectric film in our design is different from 

previous research and it has an electrical resonance frequency much higher than the 

other piezoelectric materials. The previous work has the resonance frequency in the 
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range of Hz while the experimental electrical resonance frequency for the alloy that we 

used in our design is in kHz. The configuration of PEH system is a uni-morph beam 

bending mode with one active layer and one inactive layer. The vibration coupling 

mode of a cantilever in a PEH system is longitudinal 33-mode where the electric field is 

applied parallel and in the same direction as the input strain. The mass material and 

shape in the hybrid system is magnetic and circular. The EMEH system is including a 

fixed magnet on the tip of the cantilever and a coil below the magnet where the magnet 

goes inside the coil that induces a voltage and a current in the coil. The COMSOL 

model for a hybrid system can apply to any other piezoelectric material that would 

generate an AC output result.   

 

The initial purpose of this thesis was to design a sensor to monitor the health of 

the building. The piezoelectric system embedded in concrete that lasts for decades as 

powered by on-demand. In this study, due to resource limitations, examined the 

mechanical, electrical and electromechanical structure of electromagnetic and 

piezoelectric energy harvester. This study designed a hybrid system of piezoelectric and 

electromagnetic energy harvesting system combination. The system with high electrical 

resonance frequency investigated that limits its application to wearable technology. It 

may be developed in future with other advances in chopper circuits to create 

electromagnetically coupled system. The future works could be investigating of the 

device capacity in different applications, measuring the other parameters of this 

piezoelectric film alloy that has a high resonance voltage around 10 V with a current as 

high as 12mA as mentioned in the data sheet. It is possible to work on the hybrid 

COMSOL model of the electromagnetic system to work on the low frequency by 

changing different parameters, and this could also continue in a future study. 
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 Appendix A 

 Source code 
 

A.1 EMEH SYSTEM 
 

clc 
clear all 

  
dg = 2.2; % mm 
rc = 3.75; % mm 
d = dg + rc;  
rw = 120; % um 
N = 100; 
Rc = 3.54; % ohm 
rho_coil = 3.92; % g/cm^3 

  
lx = 7.5; % mm 
ly = 7.5; % mm 
lz = 7.5; % mm 
Bm = 1.2; % Tesla 

  
A0 = 2; % mm 
zeta = 0.018; 
Yc = 3.2; % GPa 
% L = 9; % mm 
W = 7.5; % mm 
h = 0.5; % mm 
rho_g = 1.2; % g/cm^3 

  

  
Bc = (Bm/pi)*(atan(ly*lz/(2*d*sqrt(ly^2+lz^2+4*d^2)))-

atan(ly*lz/(2*(d+lx)*sqrt(ly^2+lz^2+4*(d+lx)^2)))); 

  
%% 

  
A1 = 0.75*A0; % first part amplitude 
A2 = A0; % second part amplitude 

  
f= 10; 
T = 1/f; % period  

  
T1= T/2; % first part duration (sec) 
T2= T/2; % second part duration (sec) 

  
L = [9, 12, 15, 18, 21, 24]; % mm 
% L = 8:30; % mm 
for i = 1:length(L) 

  
m_coil = rho_coil*(N*(pi*(rw*1e-4)^2)*(2*pi*rc*1e-1)); 
m_cant = rho_g*(L(i)*W*h)*1e-3; 

  
meq = m_coil + (33/140)*m_cant; % geram 
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k = 2*Yc*1e9*(W*h^3/L(i)^3)*(1-(2*rc/L(i)))/(3-

(2*rc/L(i))^3+(2*rc/L(i))^4); 

  
fn = (1/(2*pi))*sqrt(k/meq); 
f_n(i) = fn; 

  
N1 = T1*fn; % No. of first part peaks 
N2 = T2*fn; % No. of second part peaks 

  
T_run=1/f-1e-4; 

  
sim('input_signal'); 

  
Z = downward; 
Vemf = -N*abs(Bc)*abs(Z)*pi*rc^2/L(i); 
Vpeak(i) = max(abs(Vemf)); 
end 
figure(1); 
plot(L,Vpeak) 
xlabel('Length mm') 
ylabel('Vpeak mV') 

  
figure(2); 
plot(f_n,Vpeak) 
xlabel('fn Hz') 
ylabel('Vpeak mV') 

  

  

A.2 PEH SYSTEM  
 
clc 
clear all 
close all; 

  
%% varaiable parameters of cantilever 
tp = [0.17,0.28,0.5]*10^-3;      % piezo thickness 
tsh = [0.08,0.1,0.2]*10^-3;      % shim  thickness 
tm = [5.0,7.7,10]*10^-3;         % mass  thickness 
lp = [6.5,11,20]*10^-3;          % length of piezoelectric 
lm = [8.5,17,25]*10^-3;          % length of mass 
w = [2,3.2,4.2]*10^-3;           % width of all layers 
%% variable parameters of piezo layer 
Yp = [55,73,125,128]*10^9;       % young modulus of piezoelectric  
d31 = [-310,-100,-32,-3]*10^-12; % strain coefficient of piezoelectric 
ru_p = [1100,8000,6020,7520];    % piezo density 
Q = [33,900,600,950];            %quality factor 
epsilon_r = [5500,1050,640,270]; % relative dielectric constant 
%% equivalent circuit elements of model 
k=0; 
for ii=1:numel(tp) 
    for j=1:numel(Yp) 

  
        k=k+1; 
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        [cp, Ck, N, Lm, Rc, sigma_in, f_n] = 

PEH_fun(tp(ii),tsh(ii),tm(ii),lp(ii),lm(ii),w(ii),Yp(j),d31(j),ru_p(j)

,Q(j),epsilon_r(j)); 

         
        R_L_t = [1:20:500]; 
        for i=1:numel(R_L_t) 

  
           R_t=R_L_t(i); 
           sim('resistive_load_revised'); 
           V_R(k,i) = rms(V_out); 
           P_out_R(k,i) = (V_R(k,i)^2/(2*R_t))*1000; 

  
        end 

         
    end 
end 

  
figure(1); 
plot(R_L_t,P_out_R(5,:),R_L_t,P_out_R(6,:),'-r*',R_L_t,P_out_R(7,:),'-

go',R_L_t,P_out_R(8,:),'-cs'); 
title('Material Comparion'); 
ylabel('Power(uW)'); 
xlabel('Resistor(Ohm)'); 

  

 
figure(2); 
plot(R_L_t,P_out_R(1,:),R_L_t,P_out_R(5,:),'-r*',R_L_t,P_out_R(9,:),'-

go'); 
title('Cantiliver Comparion for Lead-Nickel-Niobate'); 
ylabel('Power(uW)'); 
xlabel('Resistor(Ohm)'); 

  

 

A.3 The PEH Function 
 
function [cp, Ck, N, Lm, Rc, sigma_in, f_n] = 

PEH_fun(tp,tsh,tm,lp,lm,w,Yp,d31,ru_p,Q,epsilon_r) 

  

 
Ysh = 110*10^9;                  % young modulus of shim 
eta_s = Ysh/Yp;                  % young modulus ratio 
le = lp;                         % length of electrodes = length of 

lsh = lp;                        % length of shim layer = length of  
L = lp+lm;                       %% the system length= length of piezo 

layer+ length of mass 
b = (tp+tsh)/2;                  %% average thickness of cantilever 
ru_m = 8800;                     % mass density 
ru_sh = 8800;                    % shim density  
m_p =(ru_p*lp*w*tp);             % mass of piezo layer kg 
m_sh =(ru_sh*lsh*w*tsh);         % mass of shim layer kg 
m_m =(ru_m*lm*w*tm);             % mass of proof mass kg 
m_total = (2*m_p)+m_sh+m_m;      %% total mass kg 
epsilon_0 = 8.85*10^-12;         % air dielectric constant 
epsilon = epsilon_r*epsilon_0;   %% dielectric constant 
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k31 = d31*sqrt(Yp/epsilon);      % coupling coefficient,conversion 

ability 
n= 2;                            % number of piezoelectric layer 
Ip = n*(((w*tp^3)/12)+(w*tp*b^2))+(eta_s*w*tsh^3)/12;    % moment of 

inertia 
k1 = (b*(2*lp+lm-le))/(2*Ip);                            % design 

constant k1 
k2 = ((lp^2)*(2*lp+(3/2)*lm))/((3*b)*((2*lp)+lm-le));    % design 

constant k2 
k = Yp/(k1*k2);                  % spring constant                  
w_n = sqrt(k/m_total);           %resonance wn 
f_n = w_n/(2*pi);                %resonance frequency 
Ain = 2.25;                      % input acceleration m/s^2 
zeta = 1/(2*Q);                  %damping ratio 
c = 2*m_total*w_n*zeta;          %mechanical damping coefficient 
a = 2;                           % piezo layers capacitance in series 

connection a=1; parallel a=2 
sigma_in = k1*m_total*Ain*10^-3;  
Lm = k1*k2*m_total*10^-6;          
Rc = k1*k2*c*10^-6; 
Ck = 1/Yp; 
N = (a/2)*-d31*Yp; 
cp = (a^2*epsilon*w*le)/(2*tp); 

  

 
end 
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Appendix B
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9 

 

 

Piezoelectric Constitutive 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 

9
  Piezoelectric Energy Harvesting,  First Edition.       Alper Erturk and Daniel J. Inman. 

© 2011 John Wiley & Sons, Ltd. Published 2011 by John Wiley & Sons, Ltd. ISBN: 978-0-470-68254 

ound and Vibration, 261, 177–184. 

 



       

107 

 

 

 

 

 

 

 



       

108 

 

 

 

 

 

 

 

 



       

109 

 

 

 

 

 

 

 

 



       

110 

 

 

 

 

 

 

 

 

 



       

111 

 

 

 

 

  


	Passive and linear hybrid vibration energy harvesting transducer
	Recommended Citation

	Department of Spatial Sciences

