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Abstract

Smart cities are becoming a reality around the world. They rely on smart infrastructures that
use sensors, signals, and telecommunication devices for data collection, such as air pollution,
traffic, health monitoring of the infrastructures, and communication. The collected data is
employed to improve and optimize the performance of the urban facilities, resources, and
buildings, which eventually can optimize the costs and the efficiency of the city. The necessary
devices of smart cities such as the Internet of Things (10T) and sensors are able to communicate,
exchange data, and optimize the performance of the city’s facilities. These devices (sensors,
signals and 10T) need extra power sources to operate, which implies the demand to have an

extra power source for smart cities infrastructure.

On the other hand, the transportation is one of the major energy-consuming sectors in the world.
In the UK in 2020, the transport sector accounted for 40.5 million tonnes of oil equivalent
energy consumption, and a large portion of it is consumed in roads transport. From this
significant amount of energy, a large share of it is wasted as kinetic and thermal energy. The
surface of the roads experience excessive vibrations each time a car passes, and the high
temperature of the surface of the road is a well-known phenomenon. This research revolves
around the wasted energy in the roadways and attempts to recover a part of this waste by
converting it to electricity as a new source for powering the sensors, signalling devices and

potentially lighting infrastructure in smart cities.

The first step of this study was designing a compact mechanical energy harvester based on the
crank mechanism. Following the design, the performance of the mechanism was checked using
motion and finite element analysis. Through motion analysis, the critical factors to be studied
experimentally were identified. In the next step, the crank's components and the other parts of

the system were assembled, and the motion analysis and FEA were verified.



The assembled prototype was tested under mechanical loads resembling the real field
applications. The testing scenarios were nine different combinations of displacement magnitude
and displacement speed of the top plate. In the next phase of the experimental study, the
harvester's performance was improved using a different set of springs (the supporting system
of the harvester). Then, a similar experimental plan was conducted on the harvester with the
new sets of springs. The focus of the experiments in all phases is the electrical output of the
harvester. Next, a financial and technical feasibility study was conducted based on the

performance of the harvester.

The crank-based road energy harvester performs well under mechanical loads and can convert
the top plate's vertical movements to rotation. In this system, all the components are bolted.
Therefore, it has the advantage of mitigating any risk of backlash or mismatch between the
components and is more compatible with higher driving speeds, as opposed to the existing

mechanical road harvesters.

Based on the results and the feasibility analysis, the average energy output of 90 crank-based
energy harvesters with the current design in one day can generate enough power for illuminating
one streetlamp, and more than 90 LED signals, and over 180 outdoors air quality meters, which
are essential elements of smart cities, for one day. In addition, the system has a more compact
design and provides a smooth ride for the drivers as the maximum vertical displacement is

limited to a maximum of 25 mm.
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1 Introduction

1.1 Problem Statement

Smart cities and infrastructures have gained tremendous attention in the last decades. They are
cities that employ digital data collection, connectivity, and data analysis to optimize the city’s
services performance and facilitate intelligent decision-making, such as waste and pollution
management, traffic management and infrastructures health monitoring [1]-[3]. As defined,
data collecting devices such as sensors and cameras, telecommunication and processing devices

are essential modules of smart cities.

The smart city sensors and instruments depend on electrical power to operate. Therefore, it is
essential to invent new energy harvesting devices to provide off-grid and environmentally
friendly electricity to power the numerous features of smart cities such as the Internet of Things
(1oT) and control systems for structural health monitoring, the sensors of air pollution
monitoring, water quality, waste managements, and potentially to lighting systems, which are
the crucial features of smart cities. In addition, it is often difficult and expensive to connect the
civil structures in the remote areas to the grid lines. Therefore, providing them with a sustainable

off grid power source to operate is crucial for their continuous performance.

A number of low power energy harvester systems have been proposed and studied; however,
they have some limitations. Being high dependant on the climate and weather conditions,
difficult and expensive to install, having complicated and large structures, not suitable for
energy storage, and causing significant speed deceleration of the passing vehicles are examples
of the current road energy harvesting systems.

This research attempts to address these issues, by designing and evaluating the performance of
a new micro-energy road harvester, with a compact design, simple installation, and

maintenance, which can be employed in roadways.
1



1.2 Energy Consumption and Waste in the Infrastructure

Huge amount of energy is consumed annually which is spent in 4 main sectors of domestic,
industry, transportation, and commercial [4]-[7], and among them, transportation is a major

consuming sector, as shown in Figure 1.1 [4].
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Figure 1.1: UK final energy consumption in each sector in 2020 [4]

According to Figure 1.1., the transportation industry was a significant energy consumer in 2020,
with 40 million tonnes of oil equivalent spent on transferring goods and people through

aviation, land, and marine transportation.

It is essential to acknowledge that from this amount of energy, a large portion is wasted in
different forms of thermal energy, solar radiation, and vibration [8]. Considering the land
transport, roadways and railroads experience extensive kinetic energy in the form of vibrations
each time a vehicle passes. Moreover, hot surfaces of asphalt and concrete roads are a known

phenomenon, especially in hot seasons of the year [9]-[11].

Over the past decades, commercial and academic research projects have been conducted to

harness the wasted forms of energy in the roads and convert them to a usable form, such as



electricity. The potential sources of recovering wasted energy from land transportation and
roadways are thermal energy and kinetic energy. Due to their output energy level, they are often

categorised as micro-level energy harvesters, which are suitable for low-power devices [8], [12]

Roadway solar panels, solar collectors and piezoelectric road harvesters are examples of such
projects [13]-[15]. Although the number of research items in this field of study has increased
significantly over time, there are still obstacles preventing these projects from large scale

implementation. The major obstacles are:

¢ High cost of manufacture and maintenance: devices such as piezoelectric elements and solar
panels are generally expensive to manufacture and replace. They are also made of brittle
components (piezoelectric ceramics and solar cells in this example). Therefore, they may also
require extra maintenance sessions if applied on real roads. Consequently, their manufacturing
and maintenance cost is remarkably higher than conventional energy generation methods.

e Very low energy output: piezoelectric and thermoelectric road harvesters often have a power
output of nano and microwatts levels. This output may be suitable for remote areas signals;
however, it is not suitable for continuous usage and storage due to their degradation.

e Dependence on the climate and daytime: the performance of solar panels, solar collectors and
thermoelectric road energy harvesters highly depends on the time of the day, the weather
conditions and even the climate of the region. For example, thermoelectric road harvesters
perform well in arid and sun catching areas but will not perform well in cold and humid

environments.

Another category of road energy harvester is designed within the concept of speed bumps. Their
performance is based on vertical displacements of the road's surface [16]-[18]. The mechanical
components of these systems are more commercially available, their power output is higher (in
watt level), and they have a less complicated maintenance process [10], [19]. However, they

often cause a significant reduction in the vehicles speed and have sizeable and heavy structures.
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Moreover, although the performance of these systems has been examined in some studies, most
of the studies have followed a specific mechanism of rack and pinion or hydraulic system [17],
[18], [20], [21]. Hydraulic systems have a more complicated design, require more sophisticated

components, and are therefore less practical for full-scale applications.

Therefore, it is necessary to design a new and compact system with a minimal effect on the
driving speed and suitable power output for low power devices of smart cities. In this study, a
new design of road energy harvester is proposed with a compact configuration and

comprehensively studied through both simulation and experiments.
1.3 Aims and objectives

This study has designed and comprehensively studied a new electromagnetic road energy
harvester through systematic simulations and laboratory experiments. Based on the discussed

gaps, the following points have been addressed in this study:

1. To design a novel crank-based electromagnetic road energy harvester with a compact
geometry and limited displacement level that can be installed as smooth road rumbles,
generating clean and environmentally friendly electricity for sensors and devices of smart cities,
with a minimum vertical displacement.

2. To ensure the mechanism of the crank harvester through deriving the equation of motion and
conducting motion analysis. Decide about the maximum possible displacement level of the cap
of the harvester, the influential factors on the output power of the system and design the
experimental studies phase.

3. To control the designed harvester system using finite element analysis (FEA). As the system
has a novel design, FEA was conducted to ensure that there is no critical stress concentration
point in the mechanism, and under the applied force, the stress in none of the crank components

exceeds the yielding strength of their material.



4. To build the designed prototype according to the dimensions and verify the motion analysis
and FEA results by applying laboratory forces.

5. To conduct the experimental study based on the factors identified in the motion analysis and
evaluate the performance of the crank harvester under various mechanical conditions in terms
of the electrical outputs.

6. To evaluate and improve the performance of the crank harvester using different supporting

components and assess the feasibility of having such an energy harvesting system on the roads.

1.4 Research Methodology

To conduct this comprehensive study, first, a crank mechanism was designed and adapted to
the concept of a road rumble or smoot speed bump, performing under vertical displacements of
the cap. The initial design of the system had a diagonal crank component. However, it was
realised through motion analysis that the diagonal crank would result in a minimal rotation, and
the chances of having a rigid body in the prototype will be significant. Therefore, the design

was corrected, and a vertical crank was designed.

Once designed, it was modelled in Solidworks with appropriate mates to perform motion
analysis, ensure its performance, and decide the maximum possible displacement on the
harvester’s cap. Moreover, as the system has an electromagnetic generator, the motion analysis
was used to decide the experimental testing scenarios. It is known that the electrical output of
an electromagnetic generator depends on its angular speed. Therefore, motion analysis was used
to understand the effective factors on the angular speed of the crank, which is eventually
connected to the generator. Moreover, FEA is used to ensure the mechanical stability of the

harvester under mechanical forces.



As the harvester prototype was built, and its performance was evaluated under cyclic
mechanical forces, then the performance of the system was further improved by using different

sets of supporting springs.

1.5 Dissertation Outlines

After the brief introduction given is in this chapter, the succeeding chapters are outlined as

follows:

Chapter 2: a comprehensive review of the literature and the published works on energy
harvesting from roads is given. In this chapter, five different methods are discussed. First, a
brief introduction to the background is given for each method, followed by the research

highlights in the field.

Chapter 3: This chapter incorporates the details of the design of the novel crank road energy
harvester, followed by its simulation in Solidworks and FEA results. Moreover, the laboratory

verifications of these simulations are also presented in this chapter.

Chapter 4: presents the manufacturing and technical details of each component and the
assembly of the system. After the assembly, the experimental plan of testing the first prototype
in the laboratory is discussed, followed by the detailed results and discussions of testing the

prototype.

Chapter 5: This chapter gives the detailed experimental results and discussions of the next
phase of the research, in which the performance of the harvester was evaluated and improved

using 4 other spring sets as the supporting system.

Chapter 6: In this chapter, the crank road energy harvester's financial and technical feasibility

analysis is brought.

Chapter 7: This chapter summarizes the results and discussions made in this research,

incorporating the design highlights and the simulations done on the model, the synopses of the
6



discussions and the primary outcomes of the research. Moreover, some recommendations are

also given for further improvements and future research steps in this field.



2 Literature review

2.1 Introduction

With the concept of smart cities and infrastructures solidifying, there is an essential demand for
having new environmentally friendly energy generating methods to run their low-power devices

and facilities, such as the sensors and the loT.

On the other hand, In the UK, annually, around 40.5 million tonnes of oil equivalent energy is
spent in the transportation sector, from which a significant portion is wasted in the forms of
kinetic or solar energy. The focus of this project is recovering a part of this wasted energy, to

provide sustainable off-grid energy to the mentioned devices of the smart cities.

Different methods are available for converting Kinetic or solar energy to electricity or storing
it. Several projects have adopted these methods in roads, aiming to harvest energy from roads.
In this chapter, these methods are explained briefly, and the highlights of the conducted projects

on each method are described.
2.2 Potentials of harvesting energy from road pavements

Road pavements and carriageways are significant components of land transport facilitating the
transference of passengers and goods. In this section, the forms of wasted energy in roadways
are investigated, and the potential technologies to recover some of the wasted energy will be

presented.

Road pavements, regardless of their material type, are usually exposed to direct sunlight during
the day. Therefore, especially in hot seasons daytime, the temperature of the surface of the roads
increases, while at a depth of the road, the temperature is lower. The solar energy received by
the road surface is generally wasted, as one part of it is reflected from the surface, and the other

part is absorbed by the road and is spent on increasing the surface temperature [19], [22]-[27].
8



Kinetic is the other form of energy available in the roads, referring to the vibrations and
mechanical displacements of the road surface due to the vehicle’s moving. In this case, a part
of the Kinetic energy of the vehicles is wasted through surface deformation and vibrations,
which eventually dissipate. The vibrations (frequency and amplitude) and the displacements
depend on the kinetic energy of the vehicles, directly related to their speed and mass.
Effectively, it is shown experimentally that the road vibration frequency and vehicle’ speed are

linearly correlated [8], [19], [28]-[32].

Kinetic energy and solar energy are the main two wasted forms in the roadways transportation
sector. Figure 2.1 shows the possible methods of recovering a part of this waste and converting

it to a useful form of energy.

Thermoelectric
Solar Panels
Piezoelectric P
Electromagnetic

- ety

Figure 2.1: potentials of harvesting energy from road pavements [19]
Figure 2.2 outlines the technologies that can be used to harness energy from the wasted forms

in road pavements.
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Figure 2.2: Roadways wasted energy diagrams and concepts to recover them to useful forms

In the following sections, each concept is explained, and the relevant projects carried out to

employ that concept and recover energy from roads is briefly discussed.

2.3 Piezoelectric Harvesters

Piezoelectric harvesters are based on piezoelectric materials, which have the characteristic of
converting mechanical vibrations to electricity. Quartz and Tourmaline are naturally occurring
piezoelectric ceramics, while Barium Titanate and Lead Zirconate Titanate (PZT) are

synthesized ceramics with a strong piezoelectric effect.

The piezoelectric effect is divided into two categories of direct and indirect piezoelectricity. In
the direct piezoelectric effect, mechanical energy (vibrations) is converted to electricity, and in
the indirect effect, an applied electrical potential (voltage) is converted to mechanical

vibrations. All piezoelectric ceramics exhibit both direct and indirect piezoelectric effects.

These piezoelectric ceramics comprise of a charged particle (ion) in the middle of their lattice
structure, which is mobile and displaces in a fixed direction (polarization direction) when a
mechanical load is applied on (direct piezoelectricity). Conversely, when an electrical voltage

is applied on the sides of a piezoelectric ceramic, they vibrate (indirect piezoelectricity).

10



As the road pavements are under constant vibrations from passing vehicles, the direct
piezoelectric effect is a suitable method for converting those vibrations to electricity. In the

following section, the mathematical model describing the piezoelectric effect is discussed.

2.3.1 Piezoelectric mathematical model

In direct piezoelectricity, the generated electricity is a function of the applied stress [33], [34].
The density of the generated charges on the surface of a piezoelectric ceramic under applied

stress is expressed as:
P=dxT Equation 2.1

Where P is the polarization vector, d is the material's strain coefficient, and T is the stress vector.
It is worth explaining that the polarization vector’s magnitude is equal to the charge density
generated at the opposite surfaces of the ceramic. On the other hand, in the reversed

piezoelectric effect, the strain caused by the piezoelectric effect is
S=dXE Equation 2.2

Where S is the mechanical strain, d is the strain coefficient, and E is the magnitude of the

electrical field applied on the piezoelectric ceramic.

As explained, mechanical and electrical variables are interchanged in the actual practice of
piezoelectric materials. Hence linear electromechanical coupling tensor equations are used to
describe the piezoelectric behaviour. However, these equations are only used for the linear state
of the piezoelectric materials (low vibration frequencies stress and strain levels). The

piezoelectric electromechanical tensor is as follows.

= [Ci, EdT] X [;] Equation 2.3
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Where D is the dielectric displacement, S is the mechanical strain, d is the charge coefficient of
the piezoelectric material, st is the elastic compliance at the constant electric field, € is the

relative permittivity, E is the electrical field and T is the stress tensor.

Piezoelectric materials are anisotropic ceramics, meaning that their mechanical and electrical
properties are not equal in different directions. Therefore, the materials' properties, such as the
charge coefficients, are expressed as tensors with directions. Figure 2.3 shows the coordinate

system for defining the tensors and the linear equations governing the piezoelectric materials.
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Figure 2.3: tensor directions for defining the properties of the piezoelectric material and the
electromechanical equations
Needless to mention that the properties of the material required for analyzing piezoelectric
element’s behaviours are also given in matrix forms. The complete form of the linear set of

equation 2.3 is:

T
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Following the constitutive linear equations, it is possible to estimate the output of the

piezoelectric harvesters under various loads and frequencies.

For a piezoelectric element that is under mechanical force (F) in the same direction of
polarization, the generated electrical charge (Q) is calculated by [14], [33], [35]:

Q=ds3F Equation 2.4

Hence the charge density is

D= % Equation 2.5

Where A is the cross-sectional area of the piezoelectric ceramic. Therefore

d33 F

Charge density (D) is also related to the electric field (E) as follows
D = €y, E Equation 2.7
Where €, and €, are relative permittivity of the piezoelectric ceramic and the permittivity

constant of vacuum (8.85x 10e-12 C-V-m™). Therefore

= (330 Equation 2.8

The voltage and electric field are interconnected as:

V = Eh Equation 2.9

Where h is the height of the sample, therefore, the generated voltage of a piezoelectric harvester
is:

V = gs30h Equation 2.10
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In the following section, the recent experimental and analytical studies on the piezoelectric road

energy harvesters are presented.
2.3.2 Piezoelectric road energy harvesters

Piezoelectric harvesters come in various shapes such as cymbal, bridge and disks. Each of these
forms has been studied in theoretical and experimental studies. The concept of incorporating
piezoelectric harvesters in roadways started around developing sensors for applications such as
speed detection or weight in motion systems. In early work in 1999, Szary et al., worked on
developing and implementing polymer-based piezoelectric elements for such applications [36].
Their research work addressed the existing issue of uncertainty of piezoelectric road sensors
that their response may be affected by time and temperature. Also, the high brittleness of the
piezoelectric censors makes them unsuitable for embedding in the road grooves as sensors.
They developed composites sensors of piezoelectric ceramic and polymers to tackle the
brittleness problem. The laboratory results showed that compared to the other polymeric
piezoelectric polymers (PVDF), the polymer ceramic composite outputs are more stable with
regards to time and various passing vehicles [36]. Figure 2.4 shows the developed sensor in this

study.
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Figure 2.4: Developed piezoelectric ceramic and polymer composite, a) Composite sensor’s photo, b)

composite’s cross-sectional view. Reprinted with permission from [36]
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Arms et al., in 2005, worked on developing a low-frequency piezoelectric based energy
harvester that could assist in powering low consuming wireless sensing nodes. It was
demonstrated that the output power significantly improves by affixing a resonant mass at the
tip of the piezoelectric harvester to vibrate at the resonant frequency. Moreover, the higher
strain in the piezoelectric beam generates higher power. At the resonant frequency (57 HZ), the
piezoelectric harvester generates around 2000 uW. Since the vibration frequencies inroads are

low, this harvester was also suggested to be suitable for such applications [37].

Zhao et al. conducted a few studies on implementing pile (cylinder) and piezoelectric cymbal
harvesters in pavements to harvest energy. In their study, two cymbal harvester’s performances
were compared to each other. The models’ geometries were identical; however, model A was
directly in contact with the asphalt pavement and model B was encased in a metal box and
placed in the asphalt layer. Through FEA analysis, it was shown that model A gave higher
output voltage (97.33 V) than model B (76.53 V) due to experiencing higher strains resulting
from being directly in touch with the pavement. Moreover, it was shown that the optimum
geometry of the piezoelectric cymbal harvester is cymbal diameter of 32 mm, cavity diameter
of 22 mm, and piezoelectric thickness of 0.3 mm gives a maximum output power of 1.2 mW.
In another study by the same group, the pile piezoelectric harvester’s performance in pavements
was evaluated. It was shown that 8 to 16 piles of cylindric piezoelectric harvesters with the

cross-sectional area of 0.04 m? [38]-[40].

More recent studies on piezoelectric road harvesters are more focused on increasing the output

power of the harvesters.

In another attempt, bridge-shaped piezoelectric harvesters were built and tested to harvest
energy from roads. A unit of 64 bridge piezoelectric harvesters was built, and the harvesters,
which were electronically connected, were placed in a protective box. The unit was tested in
the laboratory under the frequency of 5 HZ and the mechanical stress of 0.7 MPa. The output
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power of the unit was measured using external resistors ranging from 50 Kohm to 1 Mohm. It
was observed that the optimum resistor is 400 Kohm, at which the power maximizes around
2.1 mWatts. It was also observed that pavement’s temperature is not effective on the output
power; however, as the loading speed increases, the frequency increases, leading to higher
power output. Moreover, it was proved that the power output reduces by increasing the
harvester unit's embedding depth of the harvester unit. This is consistent with the observation
in [41], which is related to a lower fraction of the vehicle’s load transmitted to the harvester

[42]. Figure 2.5 shows the built bridge harvester unit and the testing set-up.

Pacumatic loading system

-
.

a b
Figure 2.5: a) Bridge harvester unit. b) The harvester unit's test set-up. Reprinted with permission from

[42]
Cymbal piezoelectric harvesters were the focus of another study in 2019. Liu et al. developed
a radially layered cymbal piezoelectric harvester for low-frequency applications (including
roadways). The experimental study showed that this harvester could generate 0.92 mW, under
the mechanical load of 500 N and 20 HZ and using the external resistor of 80 Mohm. Figure

2.6 shows the radially layered piezoelectric harvester.
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Figure 2.6: a) Internal arrangement of the piezoelectric cymbal harvester. b) Cymbal piezoelectric

harvester. Reprinted with permission from [43]
In a thorough study that included experimental and field tests, Xiong et al. developed a road
piezoelectric harvester unit, consisting of 9 piezoelectric disks, electrically connected in
parallel. In total, 6 units of piezoelectric harvesters were built and embedded in the field test
road. It was observed that the output power is directly affected by the type of the vehicle, i.e.,
the axle load applied on the harvesters. The average output power of the harvesters varies
between 1.1 mW to 3.1 mW. It was shown that only about 14% of the axle weight is transmitted
to the embedded harvesters, and it was recommended that by improving this percentage, the
output power would increase [41], [44]. The built harvester unit and the embedding road is

shown in Figure 2.7.

17



Piezoclectrie harvester box

b
Figure 2.7: a, b) Disk piezoelectric energy harvester. c) Embedded piezoelectric harvesters in the road

Reprinted with permission from [41], [44]
Disk-shaped piezoelectric harvesters were also studied by Roshani et al. [14], [45], [46]. In their
study, a piezoelectric road harvester was built and tested. The harvester unit was a thin board
comprising 4 to 16 piezoelectric disks, fixed on the board and electrically connected in parallel.
Figure 2.8 shows the configurations of the harvester unit and the testing setup. The harvester
was tested under mechanical loads of 1 to 3 KN and the frequencies of 5 to 20 HZ, representing

the mechanical loads applied from the vehicles.
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Figure 2.8: a) Piezoelectric disk, b) Disk’s configuration in the harvester unit, ¢) Harvester unit's test
set up. Reprinted with permission from [46]

The results of the study show that the external resistance of 17.5 Mohm, maximizes the output
power. Increasing the load’s magnitude from 1 to 3 KN, leads to an increase in the output power
from 0.5 mW to around 3.8 mW. Increasing the frequency also results in having higher output
power. Increasing the temperature has a minor influence on reducing the output power. The
highest power (16 mW) was obtained from the 4 piezoelectric harvesters under 3 KN load and

20 HZ frequency [14].

Another form of the piezoelectric disk is the stack piezoelectric harvester, where the
piezoelectric disks are piled on top of each other. The advantage of stack piezoelectric
harvesters is that connecting the disks in series (as shown in Figure 2.9) makes it possible to
make cylindrical piezoelectric of almost any height. According to equation 2.10, increasing the
height of the piezoelectric harvester increases the output voltage, which is a positive point in
energy harvesting.

Stack piezoelectric elements have also been implemented for harvesting energy from roads.
Wang et al., conducted a preparation and testing stack piezoelectric harvesters for pavement

energy harvesting purposes. The stack elements were tested in MTS machine at 10 HZ
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frequency and 0.7 MPa of stress. The optimal external resistor of the stacked piezoelectric was

found equal to 30 Kohm, resulting in the maximum power of 22 mW [47].

Khalili et al. also investigated the power generation and modelling of stack piezoelectric
harvesters for pavement applications [48], [49]. The stacked piezoelectric generated a
maximum power of 35 mW under the mechanical load of 6 KN, and the frequency of 10 HZ.
the optimizing external resistor was found to be around 3 Mohm and was independent of the
loading frequency and magnitude. In this research, the focus is also on analytically simulating
the piezoelectric harvester’s responses (voltage and current). The electrical equivalent circuit
of the piezoelectric harvester was also analyzed in this study. The piezoelectric stack and the

equivalent circuit are shown in Figure 2.9.

Piezoelectric disks

Piezoelectric stack

Figure 2.9: a and b) Piezoelectric stack, c) Equivalent electrical circuit of piezoelectric harvester used
to analytically characterise the harvester. Reprinted with permission from [48]

In another study, stack piezoelectric harvesters were built consisting of 3 stacks of 36

piezoelectric disks. The power output of the harvester was evaluated through an experimental
20



study, in which the harvester was tested under cyclic mechanical loads of 1 to 6 HZ and load
amplitudes of 680 N, 1020 N and 1360 N. The results showed that the output power increases
by increasing both frequency and the load magnitude. The maximum harvester power was about

88 mW, obtained when the frequency is 6 HZ and the applied load is 1360 N [29].

Piezoelectric stacks were also used to build a piezoelectric energy harvester tower for road
applications. Piezoelectric stack elements were placed in cylindrical harvester units and placed
in the pavement. The harvester was tested under impact loads of 1333 N and low frequency
(around 0.1 HZ) in the laboratory. The output power of the harvester was about 31 mW in

loading and 69 mW in unloading [50].

Song et al. built and tested a road piezoelectric energy harvester comprised of piezoelectric
cantilever beams with a tuned natural frequency. The concept is to have the cantilever beams
vibrate almost at their natural frequency to maximize the output power. A harvester unit with
48 piezoelectric beams was made and tested in the laboratory under the frequency of 10 HZ and
displacement of 1 mm. The piezoelectric beams are connected to the top plate of the harvester,
which is held by 4 springs in the corners and attached to the bottom plate. Figure 2.10 shows

their test set-up and harvester design.

Piezoclectric harvester

a
Figure 2.10: a) Piezoelectric cantilever beam harvester, b) Testing the harvester under UTM.

Reprinted with permission from [28].
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Through experimental studies, the maximum power harvested from this unit was 184 uwW

obtained by measuring the voltage around the optimizing resistance of 70 Kohm [28].

Yang et al. developed an impact based piezoelectric road harvester using beams of piezoelectric
elements. Following the FEA, it was understood that having fixed ends piezoelectric elements
is more suitable for energy harvesting, as it results in higher output voltage. Through
experiments using UTM and MMLS3 testing devices, impact forces in the form of 1, 1.2, 2 mm
and 2.5 mm displacement were applied on the harvester at the frequency of 5 to 15 HZ. The
maximum power was 483 mW, occurring when both displacement and frequency are at their
maximum values. The performance of the harvester is suitable for building smart highways and

powering the signals and communication devices in smart roads [51].

2.3.2.1 Comparison Between the Piezoelectric Road Harvesters and Challenges

In the previous section, the suitable piezoelectric harvesters for low-frequency applications such
as roadways were reviewed, focusing on their output power and performance. As a result, it
was revealed that the piezoelectric road harvesters have a maximum output power in the order
of a few milliwatts. Figure 2.11 shows the power output of each research project.
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Figure 2.11: Power output results of piezoelectric road energy harvesters from different references
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The results plotted in Figure 2.11 are from experimental or field test studies of road
piezoelectric energy harvesters in the last 5 years. Except for the two cases, the majority of the
results are between 0.184 mW and 31 mW. This level of output power is enough for powering

the signals and telecommunication systems in smart highways.

The employment of piezoelectric harvesters in the roadways has some challenges that still need
to be addressed. A significant challenge is their maintenance and their efficient service life.
Although piezoelectric ceramics have high compressive strength, they are brittle and
susceptible to sudden fracture failure. Therefore, it is important to encase them in a protective
box as an extra reinforcement against the possible damages. In addition, as the harvesters are
placed underneath the road, it is better to have its service life matching the pavement's

maintenance periods to minimize extra traffic disruptions.

Another important aspect is the cost of the manufacturing and installation of the road
piezoelectric harvesters. Table 2.1 shows the cost of a few piezoelectric road energy harvester

projects.

Table 2.1: Cost analysis of piezoelectric road pavements

Reference Project years Levelized costof Maximum output Cost of one

energy using this power of one unit unit Harvester

harvester harvester
[49] 2020 N/A 35 mW $ 650
[52] 2017 $19.15/kWh N/A N/A
[41] 2013 $240/kWh N/A N/A

2.4 Electromagnetic Harvesters

Electromagnetic road energy harvesters rely on electromagnetism to convert mechanical to

electrical energy. Most of these harvesters have an electromagnetic generator as a key element
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that converts mechanical energy (rotational) to electrical energy. These generators were also
developed based on electromagnetism, which was discovered and formulated by Faraday and
Maxwell. The general Faraday Maxwell law outlined that a spatially alternating electrical field
is always associated with an alternating magnetic field [53]. The mathematical expression is as

follows

0B

VXE = ~ 5 Equation 2.11

Where E is the electrical field, B is the magnetic field, t is time, and V is the del operator. As
the electromagnetic generator plays a key role in these harvesters, they are designed based on
translating the vertical displacements of the pavement’s surface to rotational movements. In
order to have this translation, there are a number of mechanisms such as a hydraulic system,

roller and rack and pinion. Figure 2.12 shows these mechanisms.

Top Plate

Motor and flywheel

Hump level motior

Pump motion

Power Output

Figure 2.12: a) Rack and pinion mechanism used in [54], b) the hydraulic mechanism [55]. Reprinted

with permission from [54] and [55]

2.4.1 Electromagnetic Road Harvesters: Principles and Designs

From a mechanical design viewpoint, the performance of road electromagnetic harvesters is
mainly based on converting reciprocating (vertical) displacements into rotation, which enables
the system to generate electricity through having an electromagnetic generator installed in the

system.
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There are some mechanisms of converting the reciprocating to rotational displacement, which
can be categorized into conversion using mechanical components and hydraulic systems.
Examples of such mechanisms are crankshaft, and rack and pinion systems that have
mechanical components, and hydraulic piston and turbines which employ hydraulic fluids to
convert the reciprocal to rotational motion. Each of these mechanisms have a long history of
being employed in various engineering applications. Crankshaft mechanism are employed in
combustion engines, rack and pinion is commonly used in machineries and rack railways, and
hydraulic systems are commonly used in piston pumps [56]-[58]. Figure 2.31 shows examples

of these mechanisms.
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Figure 2.13: Crankshaft mechanism in a combustion engine (compression), reprinted with permission

from [59] b) Rack and pinion, reprinted with permission from [60] c¢) Hydraulic radial piston pump,
reprinted with permission from [61]

By comparing these mechanisms together, it can be seen that the crankshaft (Figure 2.31a) has
a simpler design and as its components are joint together, there is no risk of backlash or
mismatch, which is a risk factor in rack and pinion systems. Also, compared to the hydraulic
systems, the systems with mechanical components have a less complicated mechanism design

and connections.

In the following section, the mathematical model and the key factors governing the rack and

pinion and the crank mechanisms are discussed.
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2.4.1.1 Crank Mechanism’s Design and Model
Crank mechanism, depending on the number of linkages are different and their set up, can be
in-line or offset crank. Figure 2.14 shows an example of the free-body diagrams of crank an

inline crank mechanism.
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Figure 2.14: Crank mechanism, a) details of parts, b) Free body diagram. Reprinted with permission
from [62]

The joint coordinates shown in Figure 2.14, and the equation of motion of the system is

according to the following matrices.
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As shown, the angular velocity of the crank (the driver) is directly related to the geometry of

the system and the linear speed of reciprocal motion.

2.4.1.2 Rack and Pinion’s Design and Model
Rack and pinion mechanism, as shown in Figure 2.13b, comprises of two parts of a linear gear
bar called the rack and a circular gear called the pinion. The linear motion of the bar causes the

circular part to rotate, and hence converting the linear motion to rotational. Examples of the
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most common utilisations of this mechanism is in lifting systems, stirring, and industrial

applications.

The important factors for designing a rack and pinion joint are number of teeth on the pinion,

pinion pitch circle, and the geometry of the application. Figure 2.15 shows these key factors.

A Circular Pitch
/S W

Pinion Pitch Circle-

N
ey

Pinion Pitch Radius ——

Rack Pitch Line—— ++—Linear Pitch

\

Rack
Pitch
Distance

-

Figure 2.15: Key details of designing a rack and pinion joint. Reprinted with permission from [63]

Additionally, other features such as the tooth quality, which is the accuracy of the teeth shapes,
backlash, which is the level of gap between the rack and pinion’s teeth and pitch deviation, the
deviation between theoretical and the actual length of the rack, are also essential when

designing a rack and pinion mechanism.

As briefly explained in section 2.4, these systems have also been employed in road
electromagnetic energy harvesters, due to their fundamental role in converting the vertical

displacement of the roads, to rotation.

In the following section, the mathematics of an electromagnetic road energy harvester is

discussed, followed by a review on the notable projects in this field.
2.4.2 Electromagnetic generators mathematical model
In an electromagnetic generator, the output power (Pem) is calculated through

Pom = T,.6, Equation 2.12
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9'9 is the angular speed of the generator and Tj is the generator’s torque, which is related to the
electrical current of the generator by the following relation:

T, = Kr.i4 Equation 2.13

Where K is the torque constant of the generator. Therefore:

Pom =T,.6, = Kr.iy 6, Equation 2.14

According to Ohm’s law, the electrical current of the generator (i) iS:

lg= — Equation 2.15

Where R is the summation of the internal resistance of the generator and the external resistor of
the power harvesting circuit, and Vg is the output voltage of the generator, which is equal to:
V, =K, .6, Equation 2.16

Kg is the generator’s electrical constant. Therefore:

g = %" = Kg}% Equation 2.17
Finally
Pom =Ty.0, = Kr.iy 6, = KT'Ki'eg Equation 2.18

In addition to employing electromagnetic generators, there are some harvesters based on shear
electromagnetism and are comprised of moving magnetic fields against coils to generate
electricity. As mentioned before, these systems are based on translating the vertical movements
of the surface to rotation. Since vertical displacements play a fundamental role in the harvesters'
performance and outcome, they are designed within the concept of speed bumps and rumbles.
In the following section, the latest projects conducted on electromagnetic energy harvesters

from roads is summarised.

2.4.3 Electromagnetic Road Energy Harvesters

In a prior study, Duarte et al. built a rack and pinion road energy harvester comprised of

horizontal rack linked to the cap of the harvester by diagonal hinges. Figure 2.13 shows the
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schematic design of their system. With a peak power of about 31 W, their system was also
capable of harvesting energy both in roads and pedestrian pathways through adjusting the

system’s suspension stiffness [12], [64]-[66].

Gholikhani et al. built a rack and pinion speed bump harvester in which the vertical pinion is
linked to a clutch so that the rotations are transmitted in one direction. In the beginning, the
project's findings showed a maximum power production of 1.96 mW; however, subsequent
prototypes included a gearbox, which boosted the number of revolutions and, therefore, the
maximum power output to almost 16 W [16], [54]. They identified the spring stiffness, loading

and unloading time, and the applied force effective variables on the output of the harvester [20].
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Figure 2.16: Horizontal rack and pinion road energy harvester. Reprinted with permission from [12]

Todaria et al. also developed a rack and pinion road energy harvester with the concept of the
speed bump. In this research, the rack and pinion are also connected to a mechanical rectifying
system to reverse the opposite rotations and have the generator spin in one direction in both
loading and unloading of the cap (speed bump surface). This mechanical rectifier consists of
two sets of rack and pinion with two one-way clutches. Figure 2.14 shows the schematic design

of this harvester [21].
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Figure 2.17: Rack and pinion road energy harvester and the mechanical rectifier system. Reprinted

with permission from [21]

Through laboratory and field experiments, the harvester resulted in a maximum power of 550

W. The cap’s displacement is around 25 mm, and the external resistance is 100 ohms. It was

also revealed that the optimal driving speed of the car is between 5 to 10 Km/h [67], [68].

In addition to rack and pinion, electromagnetic sliding systems are another type of energy

harvester based on speed bumps developed in a few researchers’ works.

In 2013 Pirisi et al. developed and tested a sliding electromagnetic harvesting speed bump.

Their sliding system’s schematic design and site testing are shown in Figure 2.15. In their

research, they designed the sliding system and optimized its geometry such that the output

power was maximized. According to the preliminary results of this system, their peak power

output is about 700 W [69].
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Figure 2.18: a) Sliding magnets and coil harvester system, b) Performance of the harvester as a speed
bump. Reprinted with permission from [69]

Another road harvester sliding system was developed by Gholikhani et al. in 2018. Their linear
generator is also comprised of a set of permanent magnets fixed on a moving rod attached to
the speed bump cap. As the rod slides, the magnets move against a set of fixed coils, generating
electricity according to Maxwell Faraday’s law. Figure 2.16 shows the design of their linear
harvester. According to the experimental results, the root-mean square power output of the
linear generator system is 80 mW which happens under the mechanical load of 4 KN applied

at the frequency of 1.7 HZ [16], [20].

Magnet

|| —

Figure 2.19: Linear electromagnetic generator mechanism. 1) set of the magnets. 2) Coil. Reprinted
with permission from [20]
Roller electromagnetic speed bump harvesters were also built and studied in [70], [71]. Sarma
et al. made a rolling speed bump system connected to a generator and spin it each time a car
passed. The study showed that 1.67 W of electrical power could be harvested from a set of three

roller speed bump harvesters.

Other electromagnetic road energy harvesters are based on hydraulic mechanisms to convert

the vertical displacement to revolutions using hydraulic oils currents. This motion translation
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is usually done by a turbine that spins using the fluid (oil) connected to the electromagnetic

generator.

Hadi Obeid et al. conducted theoretical research on developing a hydraulic speed bump energy
harvester. Their system consists of a hydraulic pump connected to a one-way clutch, flywheel,
generator, and accumulator. Figure 2.17 shows the overall design of the harvester. The research
results showed that an average car weighing 1000 Kg passing at the speed of 30 to 50 Km/h

could generate an average electrical power of around 4 KW.
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Figure 2.20: Hydraulic speed bump harvester design. Reprinted with permission from [55]
Moreover, in an experimental study, Ting et al. built a harvester especially for downhill and
other deceleration zones in the roads. It comprises multiple small pistons (3 cm height) linked
to a hydraulic accumulator and a generator. When the applied load is insufficient to generate
energy effectively, the applied energy is conserved through the accumulator. As the
accumulation equals a threshold, the fluid is circulated in the system, and the harvester starts to
operate. The system can work at an efficiency of 41% and can generate an average power of

almost 600 W [72].

In a similar study in 2015, Zhang et al. developed another hydraulic energy harvester with the
same components of a tank (accumulator), hydraulic motor and a DC generator. The system

generates an average power of 77 W, with an efficiency of 67.6% [73].
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In addition to oil, compressed air was used in a study by Goodey et al. to harvest energy from
roads. The harvester consists of cylinders of compressed air that act as road rumbles, collection
manifolds and compressed air tanks. Based on the experimental data, they reported 904.11 KWh

energy harvesting per day [74].

In addition to the hydraulic speed bump harvesters, hydraulic systems are also employed to
develop energy harvester shock absorbers and suspension systems in the vehicles [18], [21],
[73]. Li et al. developed a hydraulic energy harvesting damping system that could be used in
suspension bridges and vehicle suspension systems. The laboratory results showed that the

system could generate a maximum power of 435 W [75].

2.4.3.1 Comparison Between the Electromagnetic Road Harvesters and Challenges

As described in the previous section, electromagnetic road energy harvesters are mainly
designed within the concept of speed bumps, which are traffic calming devices used in areas
where deceleration is required to increase safety, such as residential zones and schools. In this
section, the performance of the different electromagnetic harvesters is compared, and the

challenges in employing them for real-scale applications are discussed.

The output power of the electromagnetic harvesters is in general higher than piezoelectric road
harvesters and is usually in the range of watts and Kilowatts. In order to compare, Figure 2.18

shows the power that can be harvested from each harvester.
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Figure 2.21: output power of the electromagnetic energy harvesters from various references

As it is summarized in Figure 2.18, most mechanical systems (rack and pinion, or the roller)
have an output order of a few watts up to around 80 watts, except for one research ([69]). On
the other hand, hydraulic harvesters result in higher output power, in the order of a few hundred

watts.

As discussed, all electromagnetic road harvesters are designed within the concept of speed
bumps and rumbles. Therefore, they should be installed in zones where the vehicles are

decelerating, such as junctions and crosswalks.

Hydraulic and mechanical systems have different installation and maintenance issues to be
addressed. The hydraulic systems have several components for installation, such as the piston,
turbine, one-way valves, and the pipelines linking them to the generator and the accumulator.
On the other hand, the mechanical systems have a more compact design and need more minor
installation excavations. Moreover, the hydraulic systems have more associative elements
placed on the side of the road, such as the generator and the accumulator. It is worth explaining
that placing the accumulator underneath the pavement is not recommended for safety issues

and the fact that it may increase the maintenance times.
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Regarding the maintenance, it is recommended to install the harvesters such that their
maintenance period will be equal to the maintenance period of the pavements. The hydraulic
electromagnetic harvesters will need more complicated and frequent maintenance as they have
more components and critical connections (the valves and pipelines). On the other hand,
mechanical harvesters such as the rack and pinion system have fewer complications and a more
straightforward maintenance process. The critical issue about the mechanical harvesters is their
components’ shape and materials, which should have enough strength against the applied cyclic

loads from the vehicles.

Regarding the cost-effectiveness, limited information is available on the cost-effectiveness of

the published projects. Table 2.2 summarizes the cost analysis of some of the projects.

Table 2.2: Cost analysis of electromagnetic road energy harvesters

Reference Project  Levelized cost of ~ Maximum output Cost of one
years energy using this  power/ energy of unit Harvester
harvester one unit harvester
[74] 2016 904.11 KWh per day $7000
[20] 2019 $209 per kWh
[21] 2016 550 W $5000

As it is given in Table 2.2, compared to piezoelectric road energy harvesters (Table 1), the cost
of the electromagnetic road harvesters is less than piezoelectric harvesters, while their energy

output is remarkably higher.

Both piezoelectric and electromagnetic systems are mechanical road energy harvesters that use
the wasted Kkinetic energy and convert it to electrical energy. Regarding electrical power,

electromagnetic road harvesters give better results and are more cost-effective. Moreover, like
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traffic calming facilities, they improve the roads safety by being installed in suitable zones such

as crosswalks and parking lots where is driving speed is low or is decreasing.

In the next sections, the road harvesters that convert the wasted solar energy are discussed.

2.5 Solar Collectors

The solar collectors are a method of harvesting energy from roads, in which fluid (air or liquid)
circulation to convey the accumulated heat from the surface. The major application of them is
heating and de-icing the roads in winter and cooling down the road surface in the hot summer
season [76]. De-icing the road pavements using solar collectors instead of salts or de-icing
agents mitigated the risk of asphalt corrosion and extended its service life, using the wasted
form of energy. On the other hand, cooling the surface down in summer reduced the urban heat
island effect [15], [16]. Unlike the other systems, collar collectors do not convert the form of
wasted energy. Instead, the heat energy is conveyed and saved for further uses. They are also
referred to as hydronic asphalt systems. Figure 2.19 shows a schematic illustration of these

systems and a prototype of an ASC in performance.

One of the earliest projects was executed in Oregon in 1948. The project uses the available
geothermal energy to melt the roadway’s ice. Iron pipes were used to transfer the hot water to
the pavement and melt the surface ice. The system worked for around 50 years when

maintenance was required due to leakage from the pipelines [77].
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Figure 2.22: a) Asphalt solar collectors’ performance, b) An ASC prototype in performance. Reprinted
with permission from [15] and [78]

There are some research projects studying the application of asphalt solar collectors (ASC’s)

and the factors affecting their performance. These factors include the asphalt material, the

material of the pipe, the size of the pipe, wind, water flow rate, etc. Thermal efficiency, which

is an essential parameter in evaluating the efficiency of the ASC, is defined as the total harvested

energy divided by the total amount of the received solar energy irradiance.

Gao et al. investigated slab solar collectors experimentally and studied the effects of water flow
rate and pipes spacing on the efficiency rate of the ASC system. The collector slab consisted of

three layers, the road surface, cushion, and the roadbed. It was observed that the water flow rate
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had a positive effect on the amount of the harvested energy while having more space between
the pipelines decreases the thermal efficiency. The average thermal efficiency of the system is
around 37% [79]. Figure 2.20 shows the experimental plan of this study and the cross-section

of the collector slab.

Mallick et al. investigated the effect of incorporating conductive aggregates in the asphalt mix
on the efficiency and performance of the ASC system. They reported that having the asphalt
mix with quartzite aggregates improves the heat energy capture efficiency of the ASC.
Reducing the reflectivity of the pavement surface also increases the heat capture and the

performance of the ASC system [80].
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Figure 2.23: Slab solar collector experimental study apparatus and cross-section [79]

In 2017, Alonso-Estébanez et al. conducted an ASC system, studying various factors affecting
its functioning. For the experimental study, a solar collector prototype was made in the lab, and
four 300-watts light bulbs were used to simulate the solar radiation on the prototype. The
experimental results showed that increasing the water’s flow rate increases the amount of
harvested energy. Similar observations were made in [81]. Irradiance and the size of the
collector are other factors affecting the amount of harvested energy. These factors are
interconnected, and the amount of the harvested (gained) energy increases by increasing the
collector's surface area and irradiance. The thermal efficiency of the collector from the

experimental results was between 45 to 60%. Figure 2.21 shows their experimental setup [82].
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Figure 2.24: Experimental set up of testing Asphalt Solar Collector

Masoumi et al. investigated an ASC system using CFD, experimental validation and artificial
neural networking (ANN) modelling. It was observed that comparing the influences of the inlet
water temperature, the thermal conductivity of the asphalt and the surface irradiation, the
temperature of the inlet water was more effective on the energy harvesting efficiency of the
ASC system. Reducing the temperature of the inlet water improves the efficiency of the system
significantly. The maximum thermal efficiency of the ASC system varies between 25 to 45%

depending on the season [83].

In another study, Farzan et al. studied the effect of wind speed on glazed and unglazed ASC
and its thermal efficiency through experiments and numerical simulations. Wind direction and
speed is often randomly changing factor that greatly influences the performance of the ASC.
Three different wind speeds of 0, 10 and 20 m/s were investigated. It was found that increasing
the wind speed reduced the heat gain and the thermal efficiency of the ASC. However, having
a glass glazing layer on ASC mitigates this reduction in performance. The thermal efficiency
of the ASC in this study is between 2 to 16% depending on the wind speed and the glazing.

Figure 2.22 shows their ASC unit [84].
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Figure 2 5 ASC mstallatlon and testing set up Reprinted W|th permission from [84]
In addition to the liquid circulation, air circulation was also proposed and studied in a number
of works [85]-[87]. However, it was observed that the efficiency of these systems is around 4
to 5%, which is much lower than the liquid circulating systems, and hence they are not cost-
effective [86]. Based on the reviews, ASC is a useful system providing an innovative solution
for de-icing the frozen roadways in winter and cooling down the surface of the roads in hot

sSeasons.

2.5.1.1 Comparison Between the Asphalt Solar Collectors and Challenges

Asphalt solar collectors (ASCs) were discussed, and the recent research works on them were
briefly described in the previous section. Although ASCs have been studied and implemented
for decades, further studies and practices must establish a solid framework for their widespread

road application.

Maintenance of these systems is a critical issue as they mostly rely on a pipeline system where
fluids (water) is circulated. Therefore, the employed pipelines need to be corrosion resistant

and have remarkable mechanical properties, as they are constantly under dynamic loads from

40



the vehicles. Moreover, depending on the time of day and season, the temperature on the

pipelines’ surfaces changes which may cause thermal strains and tensions.

Another critical matter about ASC’s is the mechanical compatibility between the pipelines and
the pavement materials. Having different stiffnesses may cause excessive cracking on the
asphalt surfaces and reduce its service life. To address this issue, it is recommended to place
the pipelines at a suitable depth and have the asphalt material and the pipeline as compatible as

possible.

Regarding the cost analysis of ASC systems, limited and unclear discussions have been made
in the previous discussions. Mallick et al. mentioned that their system has a payback period of
10 years [80]. In addition to the sheer cost of the ASC system and its installation, some factors
can affect the cost-effective analysis of ASC’s. The climate and the latitude of ASC’s
installation location are important factors that affect the system’s efficiency and, hence, its cost-
effectiveness. For example, a system may be highly efficient in laboratory level studies but
installing it in a windy environment reduces its efficiency to the point that it may no longer be

cost-effective.

2.6 Thermoelectric Road Energy Harvesters (TEG’s)

Thermoelectric generators (TEG’s) are the fundamental elements of these types of harvesters.
Thermoelectric generators are built based on thermoelectricity and the Seebeck effect,
discovered and formulated by Seebeck in 1821. It states that in thermoelectric materials, the
temperature difference between the opposite sides of them can generate electrical voltage. In
these materials, the heat carriers are conductive particles. When there is a temperature
difference between the two sides, the charged heat carriers begin to migrate from the hot side
to the cold side resulting in an electrical potential difference (voltage) within the material [19],

[88], [89]. Thermoelectric generators are a collection of interconnected P-type (charge carriers
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are holes) and N-type (charge carriers are electrons) semiconductors that allow the heat (charge)
carries to move in the generator and generate electrical voltage. Two thermally conductive but
electrical insulative ceramics covers the semiconductor blocks. Figure 2.23 shows a P-N

junction performance under the temperature difference and the internal of a thermoelectric

generator.
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Figure 2.26: a) P-N junction as an electrical generator. Reprinted with permission from [19], b)

internal arrangement of a TEG [90]

2.6.1 Thermoelectric generators mathematical model

The performance and the efficiency of the TEG’s depends on the properties of their
thermoelectric elements, the number of the elements and the temperature difference between
the two sides. Thermoelectric material’s performance is evaluated by the figure of merit (ZT)

[91], [92]. It is calculated through equation 2.19:

S?%0T
K

ZT =

Equation 2.19

Where S is the Seebeck coefficient (V/K), o is the electrical conductivity (S/m), T is the
temperature difference between the sides (K), and K is the thermal conductivity (W/mK). It can
be deduced that the figure of merit increases if the thermoelectric material is electrically
conductive but thermally insulative.

The Seebeck coefficient is the inherent characteristic of the thermoelectric material, and it is

the change in voltage divided by the change in temperature.
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S= AT Equation 2.20

Where V is the voltage and T is temperature.

Another important parameter to evaluate thermoelectric materials is the power factor. Unlike

the figure of merit, the power factor (PF) is only about the electrical properties of the material,

and it is calculated through:
PF = S%¢ Equation 2.21

Where S is the Seebeck coefficient, and o is the electrical conductivity.

Road surfaces, due to absorbing solar energy radiations and friction, usually have a higher
temperature than the depth of the road. Therefore, if the temperature of the road profile is
logged, the surface is the warmest point, and the temperature cools down by moving down in
depth. Figure 2.24 shows a typical temperature log of the road’s profile. This temperature
gradient is the basis of employing TEG for harvesting electrical energy from the roads. The two

sides of the TEG are connected to the warm and the cold sections of the road profile, generating

electricity from the temperature gradient.
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Figure 2.27: Temperature gradient over the depth of the asphalt concrete road. Reprinted from [93]

2.6.2 Thermoelectric Road Energy Harvesters

Thermoelectric road harvesters usually consist of a TEG module, heat sink and a thermal

conductor. Datta et al., in 2017, studied a thermoelectric road harvester which consisted of a
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TEG, a Z shaped thermal conductor and a water tank acting as the heat sink. The Z shaped
conductor was connected to the road surface, transferring the heat to one side of the TEG. The
other side of the TEG was attached to a water tank, acting as the heat sink, to have a maintained
temperature gradient provided. In their experimental study, they compared the power output of
two harvesters, one had 2 TEG modules with a larger overall surface area, and the other had
four TEG modules with smaller total surface area. The results showed that the harvester with
four TEG modules gave 11 mW power output, while the harvester with two TEGs gave 8mW
of electrical power, despite having a larger surface area of TEG [11]. Figure 2.25 shows their
harvester module. They also investigated the effect of copper and aluminium Z shaped
conducting elements. The results showed that the copper plate transfers roads surface heat to
the TEG more, resulting in a higher temperature gradient in the two sides of the harvester,

giving a more recoverable temperature difference.

Embedded Thermoelectric Harvesters |
s o SRS IR, SN

Figure 2.28: a) Thermoelectric Road energy harvester with copper and aluminium conducting plates.
b) Thermoelectric road energy harvester installed in the road. Reprinted with permission from [11]

Jiang et al. developed another road thermoelectric energy harvester using a TEG module
attached to a cold-water tank. The heat from the road surface was transferred to TEG using
aluminium vapour champers. The cold-water tank was placed beside the road and shaded with

a covering. Small-scale experiments showed that the TEG could generate 0.73 VV and 0.41 V in
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indoor and outdoor environments. However, the output of the harvester was reduced in larger-

scale experiments [94], [95].

Tahami et al. developed another thermoelectric harvesting unit, with an L shaped copper plate
as the conducting element, TEG module and a heat sink of the cold side, which was made of a
phase change material instead of the water tank. The experimental results showed that the
harvester could generate a continuous power of 29 mW per day [96]. It was also observed that
by increasing the number of TEG modules [9], in this harvester, the output power decreases,

which is unlike the observation in [11].

Hasebe et al. built and tested a thermoelectric road energy harvester integrated with embedded
pipelines in the road as solar collectors. The hot side of the TEG was connected to the solar
collectors, and for the cold side, water from a nearby river was transferred using pipelines. The
maximum power was 300 mW, obtained using the resistor of 30 Q and the temperature

difference of 40.5 K [97].

Khamil et al. developed another thermoelectric road energy harvester, in which the TEG was
placed underneath the road surface, protected by two aluminium plates. The TEG was closely
attached to the road surface. A long aluminium element was attached to the other side of the
TEG, going down to the depth of the soil to conduct the cooler temperature to the TEG's other
side. Two types of cooling elements, a rod, and a flat plate, was investigated in this study. It
was observed that the aluminium rod performs better compared to the flat plate. Laboratory
results showed that for a temperature difference of 8.99 C, the output voltage is about 0.35 V,
which is in good agreement with field test results in which 7.95 C, results in the voltage output
of 0.32 V. Using a voltage booster circuit of MPPT, the output power of the system reached a

maximum of 3 mW, corresponding to the voltage of 5.3 V [98], [99].
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2.6.2.1 Comparison Between the Thermoelectric Road Harvesters and Challenges

Thermoelectric road energy harvesters have TEG’s as their fundamental energy conversion
unit. The difference between the research works lies in the configurations of the whole
harvester’s system, the heat sink(s) and the heat transference methods. As a general observation,
the system which could provide a higher and more long-lasting temperature difference between
the hot and the cold side of the TEG, resulted in higher electrical energy output. The overall
power output of thermoelectric road energy harvesters is in the range of milliwatts. The output

power of the briefed projects is plotted in Figure 2.26.
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Figure 2.29: Power output of thermoelectric road energy harvesters

Considering the real scale applications of these harvesters, there are a number of obstacles and
challenges that need to be resolved. The harvester pavement mechanical interaction is a critical
point, as they have different mechanical properties. There are a number of projects in which the
TEG unit is placed by the side of the road [9], [96], [97], [100], [101]. In these projects, the
pavement's heat is transferred to the hot side of the TEG using thermally conductive elements
such as metallic chambers and plates. These embedded elements in the road may cause some
problems, as their mechanical and thermal properties are different from the asphalt or concrete
pavements. In addition, additional cracks may occur on the surface of the pavement due to these
elements, which will enforce extra maintenance on the road. It is worth noting that these

elements are usually placed very close to the road's surface to increase the efficiency of the
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energy conversions. However, having them in such low depth will make the problem of thermal

and mechanical incompatibility between the asphalt and these elements more complicated.

In the other format, the TEG elements are directly placed in the road at a closed distance from
the surface of the road, which eliminates the need for having the metallic conductive element
[98], [102]-[104]. Although the TEG is directly embedded in the road in these systems, for real
road applications, it needs to be protected with a strong metallic plate to convey the surface heat
to the element. However, having the metallic plate in the road may cause extra cracks on the
pavements due to the thermal incompatibility between the pavement and the metallic element,
which can affect the service life of the pavement. Needless to say, putting the TEG ceramic
directly on the pavement is not possible since, due to its brittleness, it will break under the

mechanical loads leading to the system’s failure.

Another important aspect is the cost-effectiveness of these harvesters. Although their output
power is within milliwatts, these harvesters are relatively cheap and not disruptive to traffic. A

summary of the cost analysis of some of these harvesters is brought in Table 2.3.

Table 2.3: Cost analysis of Thermoelectric road energy harvesters

Reference Project  Levelized cost of ~ Maximum output Cost of one
years energy using this  power/ energy of unit Harvester
harvester one unit harvester
[11] 2017 N/A 170 KWhin 1year  $190
[30] 2017 $2.31 /KWh N/A N/A
[9] 2020 $8.56 /kW-h per  N/A N/A

square meter

Compared to piezoelectric road energy harvesters (Table 2.1), which have a similar level of

output power, thermoelectric harvesters are more cost-effective.
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2.7 Photovoltaic Cells Road Energy Harvesters

Photovoltaic cells are known elements for converting solar radiation to electrical currents. They
are made of p-type and n-type semiconductors that are responsible for converting solar radiation
to electricity. When electromagnetic waves (such as solar radiations) reach the p-n junction of
photovoltaic cells, the energetic photons excite the electrons, and holes, which start moving
within the cell, generating electrical current [105]-[108]. Solar panels consist of a network of
photovoltaic cells connected to each other, allowing the charge carriers (electrons or holes) to
move in the network and generate electrical current. Nowadays, solar panels are used in
different places, especially in sun-catching areas, on rooftops to generate environmentally
friendly off-grid electricity. The efficiency of the solar panels depends on a number of factors,
such as the size of the panel, the type of the cells, their connections in the panel and the weather

conditions [19].

The employment of solar panels in road surfaces has recently been investigated in a number of
projects [22], [24], [109]-[111]. Solarroadways in the USA was one of the first implemented
projects of solar panels roadways. The installed panels were engineered to tolerate traffic loads.
Each panel was capable of generating 36 W of power. The road was also equipped with LED
lights and de-icing elements on the surface, and it was stated that the overall efficiency of the
system was about 11.2% [13]. A sample of SolarRoadways pavement units is shown in Figure

2.27.
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Figure 2.30: Solarroadways panels. Reprinted from [112]

In the Netherlands, the SolaRoad project developed and installed specially designed solar
panels on a biking lane to generate energy. Based on the experimental results, it was estimated
that the lane would generate 50- 70 KWh/m? in one year. The project was successfully installed
and operating. However, due to the surface cracking and extensive surface damage, the lane
had to be removed and replaced completely [111], [113]. The project was also adapted for
roadways, but due to extensive damage on the surface, it was discontinued. A Solaroad slab

installation is shown in Figure 2.28.
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The photovoltaic pavement was studied in another study for urban heat island mitigation. The

solar pavement was tested in the real field, and the results showed that as the result of employing
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this pavement, the ambient temperature was 0.8 K lower, and the pavement surface was 8 K

cooler than the conventional pavements [109].

Dezfooli et al. also studied two types of photovoltaic pavements from mechanical points of
view, such as rutting and flexural resistance. The two prototypes are solar panels between a
layer of rubber and Plexiglas and the solar panel between two layers of porous rubber. It was
reported that embedding the solar panel in the layers of plexiglass reduces the conversion
efficiency by 26% while embedding the panel in two layers of rubber reduces the efficiency by

50% [22].

Moreover, Wattway was another project implemented in France in 2016 by engineering and
installing photovoltaic pavement units on the road surface. The panels have a thickness of 7
mm, with various transparent and resistant layers protecting the panels while providing the
necessary mechanical properties on the road’s surface (e.g. friction) [112], [115]. Figure 2.29

shows the Wattway project in operation.

Wattway

_ solar
pavement

Figure 2.32: Wattway project in operation. Reprinted from [116]

2.7.1 Solar Panels Road Energy Harvesters Challenges

As summarized in the previous section, engineering solar panels and implementing them in

roadways is gaining popularity in the commercial and research sectors. Solar panel pavements
50



are more prepared for real and large-scale applications in terms of implementation. However,
there are still inevitable problems associated with this implementation. From the mechanical
aspect, these panels are fragile and do not exhibit lifelong adequate mechanical properties. Most
solar pavements required maintenance or were permanently damaged during their service life,
significantly affecting their energy harvesting and mechanical performance. The other
important issue is to have solar road pavements with enough skid resistance, which is critical
for driving and safety. It is possible to have solar panel pavements with a suitable surface;
however, this would compromise the performance of the photovoltaic cells [112], [117], [118].
Another issue associated with solar road panels is that their performance and efficiency is
directly affected by the weather conditions and other environmental factors such as the amount
of accumulated dust, dirt and the partial shadows on them caused by the surroundings [19],

[117], [118].

Cost analysis of solar pavements is also a critical aspect since solar panels are a relatively

expensive technology. Table 2.4 shows the cost analysis results of some of these projects.

Table 2.4: Cost-effective analysis of solar road pavements

Reference Project Maximum output  Cost per Levelized cost
years power per unit unitarea of  of energy
area of the panel  the panel harvester
(KWh/m?) ($/m?) (3/KWh)
Wattway [118], [119] 2016 534 1700 31.84
SolaRoad [113], [114] 2014 78 14000 180
SolarRoadways [118], 2012 70.5 11000 156
[120]
Dessouky et al. [25] 2019 N/A N/A 19.8

According to Table 2.4, although some large-scale projects are implementing solar panels on

roads with generally higher power output than the other road energy harvesting systems, their
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Levelized cost of energy harvesting is still higher than the conventional methods. The higher
cost of energy generation and the serious problems associated with implementing them raise

serious doubts about their future continuation.

2.8 Comparison between the Road Energy Harvesters

In the previous sections, five different types of road energy harvesting technologies were
discussed, and the research projects were summarised. In this section, these technologies will
be compared to each other from the viewpoints of power or energy output, cost-effectiveness,
technology readiness level (TRL), and challenges. This comparison is made based on the

average harvester of the mentioned technology.

Considering the output power of piezoelectric and thermoelectric road energy harvesters, they
have an output in the range of microwatts and milliwatts. In contrast, solar panel pavements,
solar collectors and electromagnetic road harvesters have higher outputs in the range of watts
and kilowatts. In this sense, electromagnetic and solar energy harvesters are more feasible

options than piezoelectric and thermoelectric harvesters.

Through cost-effectiveness analysis, it can be seen that all the discussed technologies generate
more expensive electrical power than the conventional power plants using fossil fuels.
However, comparing the systems shows that the thermoelectric harvesters are more cost-
effective than the others, even though their low power output depends on environmental

conditions.

In terms of challenges, piezoelectric road energy harvesters have very low electrical energy
output. They are made of expensive piezoelectric elements and may cause extra maintenances
due to the brittleness of their elements. Thermoelectric road energy harvesters are also made of

fragile thermoelectric elements. Although they are relatively cheaper, their energy output is
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low, and their performance depends highly on the climate and the season. Asphalt solar
collectors and solar panel pavements have the same problem, and their performance depends
on the weather condition, season, and environment. Solar panel pavements are made of
engineered expensive solar panels encased in protective layers. Finally, electromagnetic road
energy harvesters generate higher power output, and their performance is regardless of the
environmental conditions. Their only disadvantage is that as traffic calming facilities, they must

be employed in specific zones of the roads, where a speed deceleration is required.

Moreover, the technology readiness level (TRL) is a method for evaluating the maturity of a
technological invention or a project. It was developed in NASA [121], [122], and according to
it, the technologies' readiness is divided into nine different levels, from 1 standing for the least
readiness condition to 9 for the full-scale operation readiness. Table 2.5 shows the different

levels of TRL in terms of projects focusing on harvesting energy from roads.

Table 2.5: TRL stages focusing on road energy harvesting projects [121], [123]

TRL Level Description

1 Investigation of the fundamental principles of the road energy harvester

2 Analytical formulations of the harvester are derived

3 The concept of the road energy harvester is approved experimentally

4 The road energy harvester’s performance is validated in the laboratory
environment

5 The road energy harvester’s performance is approved for a suitable
environment

6 The road energy harvester’s performance is exhibited in a suitable

environment
The road energy harvester’s prototype is revealed in the assigned road
The road energy harvester’s system is finalised and qualified

The qualified road energy harvester is approved in the assigned road

Of all the investigated technologies, solar panel roadways and solar collectors have performed

on a real roadway scale and therefore have a TRL of 9. The next harvester technology is
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electromagnetic road energy harvesters with a TRL of 4 to 6 depending on performing the field
test. Finally, piezoelectric and thermoelectric road harvesters are mostly preliminary and have

the TRL of 2to 5.
Table 2.6 summarizes the key features of different road energy harvesters.

Table 2.6: Summary of the road energy harvesting projects

Harvesting method Reference  Cost-effectiveness ($/KWh)  TRL
Piezoelectric [14] 27.9 4
Thermoelectric [9] 8.56 4
Electromagnetic [20] 209 6
Solar collectors/panel pavements [13] 156 9

2.9 Conclusions

In this chapter, the synopses of the available road energy harvesting methods are discussed. The
primary forms of wasted energy in roadways are kinetic and thermal energy, caused by passing
vehicles and solar radiation. Each of these forms can be converted to a valuable form of energy
(i.e., electricity) using the discussed methods, and consequently, the amount of wasted energy
would be reduced. Five different harvesting methods of piezoelectric, electromagnetic, solar
panels, solar collectors and thermoelectric road harvesters are briefly discussed, and some
examples of the conducted research on each are described. The following points can be

extracted from this chapter.

1. Piezoelectric road energy harvesters employ direct piezoelectricity to convert the mechanical
vibrations of the road to electrical voltage. Most of the developed piezoelectric energy

harvesters are tested in the laboratory under mechanical loads. The major challenges facing
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piezoelectric road harvesters is their low power output and brittleness and high cost of building
and maintenance, which still need to be addressed through further research projects.

2. Electromagnetic road energy harvesters are the other method of converting the kinetic energy
to electricity in the roadways. These harvesters are designed and built within the structure of
the speed bumps, which are traffic calming facilities and are essential for road and pathways
safety. Their power output is significantly higher than piezoelectric harvesters and in the range
of watts and kilowatts. By implementing these harvesters in suitable zones such the speed
deceleration or low-speed areas, an extra energy generation source would be available to be
saved or used in smart roads for signals and telecommunication.

3. Thermoelectric road energy harvesters incorporate thermoelectric generators, which convert
the temperature gradient within the profile of the road to electricity. The performance of these
harvesters rely highly on the weather conditions, the climate of the area, and the season. Their
electrical output power is in the range of milliwatts. However, compared to the rest of the
systems, their Levelized Cost is cheaper.

4. Solar panel roads and solar collectors are two systems that directly convert solar radiation
into electricity and thermal energy. Some solar panel roads and solar collector projects have
been executed in full scale, and hence, in terms of readiness, these systems are more advanced
than the other methods. Their efficiency and power output are high and within watt level.
However, their performance is highly dependent on the climate of the region and the season.
Moreover, the cracks and structural damages on these systems are a major challenge that

requires further studies and research to be addressed.
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3 Harvester Design, Simulation and Experimental

Verification

3.1 Introduction

This chapter focuses on the mechanical details and performance of the current electromagnetic
road energy harvester. A new electromagnetic road energy harvester with a novel design is
developed, manufactured and its performance is investigated. The mechanism of the harvester
is based on a slider-crank system, which is one of the mechanisms used to convert the linear to
rotational displacements and vice versa [124], [125]. In this mechanism, the components are
bolted to each other. Therefore, any risk of backlash, sliding or mismatch between the
components is minimized, which gives it a remarkable advantage over the other systems with
a similar function like the rack and pinion. Moreover, it has a more straightforward maintenance

procedure than the hydraulic harvester units, as there is no need for an oil cylinder and pump.

In the following sections, first, the design concept and the mechanical and electrical details are
discussed. Afterwards, the critical factors affecting the output power are analyzed, and the
equation of motion is derived following the Lagrange equation. Next, the analysis results of the
equation of motion are discussed to evaluate the harvester's mechanism. The results from the
motion analysis are verified experimentally, and a good agreement is observed between the
results. Finally, to evaluate the structure of the harvester, Finite Element Analysis (FEA) is
performed on the system, and its results are discussed. These analyses focus on the crank

system's components (the handle, disk, and holder) to ensure their performance.

According to the motion analysis, displacement speed and magnitude play an essential role in
the system's output power. Therefore, the maximum displacement is around 25 mm, providing

a feasible and sufficient angular displacement. Furthermore, finite Element Analysis shows that
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at the ultimate state, the maximum stress is safely below the yield strength of aluminium which

is the material used to manufacture the components.

3.2 Design concept and mechanism details

The concept of the current mechanical harvester is based on a slider-crank system. Due to its
simplicity in maintenance and negligible risk of parts mismatch and backlash, such a system
can have advantages over other systems such as the hydraulic mechanism and the rack and
pinion. Slider crank is one of the mechanisms utilised to convert the linear motion of the slider
to the rotational motion of the crank and vice versa. Figure 3.1 shows a free-body diagram of a

typical crank system.

Figure 3.1: Slider crank mechanism

Figure 3.2 shows the details of the crank-based energy harvester and an assembled prototype.
The prototype shown in the figure was built to verify the simulation results. Each component’s
properties and dimension details are brought in the next chapter. According to the Figure 3.2,
the top plate of the harvester (1) linked to the crank handle (2) acts as the slider. The other end
of the handle is connected to the disk (3) held by a bearer. Next, a 100-ratio planetary gearbox
(4) is connected to the disk, increasing the rotations of the disk by 100 times. Finally, a DC
generator (5) is connected to the gearbox. Once the top plate slides, the disk rotates. The rotation
is transferred to the generator, generating electrical potential. Moreover, four springs placed in

the corners of the plate support the top plate.
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Figure 3.2: Mechanical harvester's model and the built prototype; a, ¢) side view; b, d) front view. (1):
Harvester’s cap; (2): Crank handle; (3): Revolving disk; (4): Gearbox; (5): Generator
Generalised Maxwell-Faraday theory explains the electrical generator's performance. It states
that a time-varying magnetic field always accompanies a spatially varying electrical field.

Equation 3.1 describes this phenomenon.

VXE = —Z—l: Equation 3.1

In which E is the electrical field, B is the magnetic field, t is time, and V is the del operator. It
is worth noting that when the harvester unit operates during both loading and unloading (top
plate going down and up, respectively), both positive and negative voltages are generated due
to the rotation in opposite directions. Therefore, a full bridge rectifier is attached to the generator
to eliminate the negative and convert it to positive voltages. A regular full bridge rectifier
consists of four diodes and is used to convert AC to DC. A diode allows the electrical current
to pass only in one way. Therefore, connecting the diodes to form a full bridge rectifier, as

illustrated in Figure 3.3c, can eliminate the negative and convert them to positive voltages.
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Figure 3.3: a) A one-way diode. b) Full bridge rectifier. c) Arrangement of the four diodes in a rectifier

3.3 Analytical Modelling of Crank Based Mechanical Harvester

3.3.1 Output Power of An Electromagnetic Harvester

The output voltage of a generator (V) is a function of the angular speed of it:

V,=K,.0, Equation 3.2

Kg is the generator’s electrical constant and Hg is the angular speed of the generator. According
to Ohm’s law, the output voltage can also be written in terms of the output current (iz) and the

resistance (R),
= = Equation 3.3

On the other hand, the output current is also related to the generator’s torque (T), formulated
as follows:

Ty, = Kr.lg4 Equation 3.4

In which K7 is the torque constant of the generator. Therefore, inserting the formulas (3.2) and

(3.3) in (3.4) gives that

T, = Kr Yo _ Krkeb Equation 3.5
R R

Moreover, the mechanical power of an electromagnetic generator is as follows:
Pom =T, 6, Equation 3.6
Subsequently, by inserting the formula 3.5 in the power equation 3.6 results in:

‘2
_ KgKrby

P
em R

Equation 3.7
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In addition, égis the angular speed of the generator, which is related to the crank’s rotation, as
follows:

6y, =n6 Equation 3.8

The angular speed of the crank is denoted as 6. and n is the ratio of the gearbox. Finally, the
output power of an electromagnetic generator is:

29,2 .
P, = KQK% Equation 3.9

According to equation 3.9, in addition to the generator’s inherent properties (Kg and Kr), the
power produced by an electromagnetic generator is directly related to the generator’s ratio (also

constant), crank’s rotation and angular speed and inversely correlated to the resistor of the

harvesting circuit.
3.3.2 Crank System’s Equation of Motion

The previous section showed that the power output depends on a few factors, including the
angular speed of the crank. Therefore, in this section, the equation of motion of an offset slider-

crank system, as illustrated in Figure 3.4, is analysed to better understand the system's motion.
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Figure 3.4: Free body diagram of the mechanical crank harvester
According to the free-body diagram:
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L3 +L25in9
Ly

L, Sin(@®) — L, sin() = Ly = @ = sin"I( ) Equation 3.10

And
Ya = Licos®+ L,cosf

Hence,

-1 (L3 +L25in9)

Ya = L4 cos(Sin )+ L, cosf Equation 3.11

1

And taking the derivative of equation 3.11 gives the relationship between the displacement
speed and the angular speed of the crank, which was shown in the previous section that directly

affects the output power of the system.

cosO(L; + L,sinf
(L 2 ) >+ sin@l

d . : :
Vy=—4) = —Li¢psing — L,0sinf = —L 9[(
A7 a1 ' ’ ’ VI? — (L3 + L,sind)?

V4
L, cos0(L3+Lysind) +sind
[LE-(L3+Lysing)

Equation 3.12 shows the direct relationship between the displacement speed of the harvester’s

9 =

Equation 3.12

top plate displacement speed.
To derive the equation of motion, the Lagrange equation of motion analysis has been followed.

Accordingly, the Lagrangian of a system is defined as:

L=T-V Equation 3.13
And

d (oL oL :

. (%) — = =F Equation 3.14

Where L is the Lagrangian, T is the kinetic energy, V stands for the potential energy, 6 is the
degree of freedom of the system, and F represents the generalised forces. Inserting the equation

3.13in 3.14 results in:

d v aT _

oT :
— (%) + 6 30" F Equation 3.15

The kinetic energy of the system is the sum of the kinetic energy of the handle and the crank.
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T=T1+T2

1 1 1
T, = §m1VA2 + 5]1(0% and T, = E]zw%

d . cos@(L, + L,sin®
VA = E(yA) = _Lze [( ( 3 2 ) >+ Slnel

JI? — (L3 + Lysind)?

_ L,6 cos 6
VI — (Ls + L,Sin®)?

w1:<ﬁ

Therefore,

2

(L,0)? y K cosO(L; + L,sind) > sing)] + 1] I 1362 cos? 6
= m sin = .
' 2 ' VL2 — (L3 + L,sind)? 277 |13 = (L3 + L,Sin®)>
1 1 .
T, = E]zw% = 51292

Consequently, the kinetic energy equals:

2

cosO(L3+L,sinf) 1 [
+5h

n\2
T = (L26) my X || ——=—= |+ sind
2 /Li—(L3+L2sin9)2

In addition, the potential energy of the system is generated in the springs. Therefore

1362 cos? @
L% —(L3+L,SinB)2

] + 2J,6? Equation 3.16

1 2
V:EKyA

Where K stands for the spring stiffness. Since

_, (Ly + L,Sin®)

Ya = Licos@+ L,cos8 = L; cos(Sin [ )+ L, cosf
1
Which results in
. 2
V= %K [L1 cos(Sin~! M} + L, cos 9] Equation 3.17
1

Finally, to formulate the generalised force, according to the virtual work principle:
W = Fé6 Equation 3.18

Under the applied loads from the vehicles:
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W =F,.6y, =F,.6(Lycos® + L, cos0) = F,.(—L,;6¢ sin¢p — L,56sin6 ) =

L, 66cos B L3+L,Sin6 . L, cosO(Lz+L,Sin6
Fy. |- x L2tl2S0 . sgsing | = F, | — 2280WatlaSing)

/1—L§ sin2 @ L fLi—(L3+L25in9)2

Which gives out the generalized forces as:

- LzSinQ -60

L, cosO(L3+L,Sinf)
/Li—(L3+L25in9)2

By taking the respective derivatives from the equations 3.16 and 3.17 and inserting them in

F=-F,. + L,Sin6 Equation 3.19

equation 3.15, the equation of motion of the system is derived as follows.

L, cos? 0

/Lﬁ—(L3+Lzsin9)2

cosO(Lz+L, sin6)

/Li—(L3+Lzsin9)2

sin (L3 +L, sin ) Ly cos? 6 (L3+L,sind)?

\/Li—(L3+L25in9)2 2\/(L21—(L3+Lzsin9)2)3

cosO(Lz+L, sin6)

/Li—(L3+Lzsin9)2

cosO +

120 |sin @ + + 2120 [sin@ +

_.|_

[J1L36 cos? 0-2J1L30 sin 20](L3 —(L3+L,Sin0)? )+21 (L3062 cos? 0) (L3 +L,sin0)(L, cos ) .-
> — + J,00
L{—(L3+L,sind)

—1 (L3+L,Sin®) Ly cos®

/Li—(L3+Lzsin9)2

+K [Ll cos(Sin

1

)+ L, cos e] [—Lz sin @ + (Ls + L,Sin®)

cosO(L3+L,sinf)

,Li—(L3 +L,5in6)?2

(sin@ (L3 +L,sinB)+cosO(Lz+Lyc0s0)) |L2—(L3+L,ysing)2—(cos8 (L3 +L,sing) (

+(L,0)*m, + sinf||cos 6 +

—(L3+L3sinB)(LycosO)

L2—(L3+Lysing)?2

2 ; +
L{—(Lz+LysinB)?

1] -130? cos 26 (L3—(Lz+L,Sin8)? )+2(L3+L,Sind)(cos 8)( L362 cosZB)] LF Ly cos O(Lz+L,Sind) n
271 (L%—(L3+L25in9)2)2 v /Li—(L3+L25in9)2
L,Sin6|=0 Equation 3.20

Solving the equation of motion is done by either directly solving it using coding in platforms
such as MATLAB, or using other designated software tools such as Solidworks, MBDyn and
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Simcenter 3D [126]-[128]. In these tools, the components of the mechanical system are
considered as rigid bodies and once the system is modelled by introducing the correct
constraints, the relative motion of the rigid parts with respect to each other can be understood
[127], [129]. In this study, Solidworks solver is utilised to solve the equation of motion, due to
being also a visual tool to ensure the correct mechanism of motion is performed by the system

against the applied loads, which is discussed in the next section.

3.3.3 Motion Analysis of the Slider Crank System and verification

Equation of motion was derived as discussed in the previous section. SolidWorks motion
analysis solver has been used to solve the system's equation of motion described in the previous
section. Motion analysis is a well-known simulation providing helpful information about the
kinematics of a system. While in the Finite element analysis, the deformation, the strain, and
the stress distribution are assessed, in motion analysis, the movement mechanism of the system
is analysed, and its different components are treated as non-deformable rigid bodies. Therefore,

it is also called the "rigid body dynamics" [126], [127].

The mechanical components of the crank road harvester were designed and modelled in
Solidworks to perform the motion analysis simulation. The model was in the real scale, with
the springs of 19.12 N/mm stiffness, equal to the springs used in the experiments to verify the
model. The bottom plate of the unit was fixed, and the top plate's displacement was limited to
only vertical displacements and was restricted in the other two directions. The crank’s disk was
limited to only revolution movement, and the bolts’ joints were mated as concentric. The joints
and the mates were also defined such that the crank would only have a revolving degree of
freedom and be restricted in other directions, i.e., the horizontal and vertical displacement. The
analysis was carried out on the motion conversion components, i.e., the slider, the crank, the
top and the bottom plates the springs, to focus on the crank components' performance and ensure

that the crank mechanism is working correctly. Figure 3.5 shows the modelled system.
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c
Figure 3.5: Solidworks model assembly. a) 3D view. b) Front view. c¢) Side view

In the following section, the results obtained from the motion analysis are discussed from both

geometric and mechanical viewpoints.
3.3.4 Angular displacement of the crank

The angular displacement of the crank disk is one of the results that can be extracted from the
motion analysis. Figure 3.6 shows the angular displacement of the crank disk under various

displacement magnitudes but equal loading speed of 12 mm/s.
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Figure 3.6: Displacement- time diagrams of the angular displacement of the crank under the loading

speed of 12 mm/s and the displacement of a) 10 mm, 40.75 degrees b) 15 mm, 56.8 degrees and c¢) 20
mm, 72.9 degrees

The angular displacement of the crank under the same loading condition (displacement and
loading speed) was recorded and measured visually to verify the results from the simulation
geometrically. Images were taken from the crank at the beginning and end of the loading from
a tripod (fixed position). Finally, the angular displacement was measured by processing the
image using SpaceClaim software. Figure 3.7 shows the taken images in all three conditions,

the displacement section (swept) and its magnitude.

Start ' End
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Figure 3.7: Start, end and the swept section of the crank under the displacement speed of 12 mm/s and
the displacement of a) 10 mm: 39 degrees, b) 15 mm:56 degrees and c) 20 mm: 71 degrees

According to the images and the processing results obtained through the experiment, the angular
displacement of the crank with the displacements of 10 mm, 15 mm and 20 mm was 39 degrees,
56 degrees and 71 degrees, respectively. On the other hand, through simulation of motion
analysis, the crank's angular displacement was 40.75, 56.8 and 72.9 for the displacements of 10
mm, 15 mm, and 20 mm, correspondingly. Thus, it can be observed that the experimental and
simulation results of the angular displacements match with each other very well, and the
differences are only 1.75, 0.8 and 1.9 degrees for the displacements of 10 mm, 15 mm, and 20

mm, respectively, which are in an acceptable margin.

In all three conditions, the experimental results are lower than the simulation results due to the
fact that in the motion analysis, the friction forces between the joints and the mechanical parts

are neglected and not considered, while in reality, they play a significant role in the system's
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performance. Moreover, the manufacturing process is far from being ideal, and the built

components may have imperfections that do not occur in simulation.

As it was shown analytically, the angular speed of the crank (8) plays an important role in the
output power of an electromagnetic harvester, and through the motion analysis, the relationship

between the angular speed (@) and the top plate’s displacement speed (y ) was revealed.

Moreover, it was shown that the angular displacement of the crank (6) is also related to the
displacement magnitude of the top plate (y,). In the following sections, motion analysis is
employed to quantify the angular displacement and speed of the crank, which would give a
better understanding of the behaviour of the harvester and form a decision foundation of the

testing scenarios in the experimental studies, which is discussed in the next chapter.
3.3.5 Angular Speed of The Crank

According to the analysis results in section 3.3.1, equation 3.9, the crank's angular speed
directly affects the system's output power. In this section, this effect is shown through motion
analysis. Figure 3.8, shows the diagrams of the angular velocity of the crank, under the
displacement magnitude of 10 mm and the displacement speeds of 10 mm/s and 15 mm/s. These
values were chosen systematically as an example of possible real field displacement level under
different speeds. Compared to the real field applications, these speeds are in fact lower,

however, they were chosen systematically for the purpose of illustration.
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Figure 3.8: Angular speed of the harvester's crank under the displacement of 10 mm and the
displacement speed of a) 10 mm/s, and b) 15 mm/s

As it is illustrated in Figure 3.8, there is a direct relationship between the displacement speed

of the top plate of the harvester and the crank’s angular speed.

In addition, the displacement level of the top plate is also an important factor, since it is a
function the vehicles’ mechanical loads (curb weight), and there are vehicles with various
weights passing over the harvester in the real field applications, applying different levels of

displacement.

Therefore, in the experimental study, the testing scenarios are combinations of different
displacement speeds and magnitudes. It should be mentioned that other factors such as the
friction between the components, the gearbox, and the electrical rectification affect the

electrical power output, which will be studied experimentally and discussed in the next chapter.
3.3.6 Maximum Displacement of The Top Plate

Two different aspects should be considered when deciding the maximum displacement
magnitude of the top plate. First, as the crank energy harvesting system is designed based on
road rumbles and smooth speed bumps, safety and the effect of the speed bump on the traffic
flow is an essential factor. The second important factor is limitations caused by the mechanism

of the system.
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Speed bumps come in different shapes and heights. A few guidelines and comparative studies
suggest suitable shapes, lengths, and heights. According to the UK transport department, the
road’s speed bumps and rumbles, which come in sinusoidal, round or combined shaped profiles,
may have various maximum heights ranging from 25 to 100 mm for speed bumps and 12 mm
to 20 mm for rumbles [130]-[132]. Various heights affect the traffic flow and speed reduction
differently. For example, the lower heights provide smoother rides, while the higher heights

affect the traffic flow more and cause a more significant speed reduction.

Moreover, due to the design and the size of the harvester, some mechanical limitations affect
choosing the right displacement magnitude range of the top plate of the harvester. Motion
analysis was employed to investigate these factors. Since the primary goal of this research is to
recover energy from the road, it is desirable to have the crank revolving as complete as feasible.
Therefore, various displacements were applied on the top plate, and the angular displacement
of the crank was obtained using the motion analysis, which was eventually used to decide about
the feasible maximum displacement magnitude of the top plate. In this analysis, only the angular
displacement is investigated under various vertical displacements, and the displacement speed

is kept constant

Figure 3.9 shows the linkage of the crank components. It is worth mentioning that the current
dimensions of the harvester’s case were chosen in such a way as to have a minimal amount of

excavation and an easy installation on the road.
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Figure 3.9: Dimension details of the crank system

The displacement speed, throughout this analysis, was kept equal to 10 mm/s, and six different
displacement magnitudes of 10 mm, 15 mm, 20 mm, 25 mm, 30 mm, and 35 mm were applied
on the top plate. It is worth noting that the vertical distance between the crank bolt and the
lowest point of the disk is 38 mm. Therefore, no displacements greater than 35 mm could be
applied. Figure 3.10 shows angular displacement at the ultimate position of the crank for each

displacement.
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Figure 3.10: Angular displacement (final states) of the harvester under 10 mm/s loading speed and the

displacement magnitudes of a) 10mm: 0.114 cycle b) 15 mm: 0.158 cycle ¢) 20 mm: 0.203 cycle d) 25
mm: 0.261 cycle ) 30 mm: 0.4 cycle and f) 35 mm: 0.4 cycle

As shown in Figure 3.10, according to the motion analysis simulation, both displacements of
30- and 35-mm result in an angular displacement of 0.4 cycle, and the displacements of 10, 15,
20 and 25 mm caused the angular displacement of 0.111, 0.156, 0.203 and 0.2611 of a cycle.
It is also observed at the displacement of 35 mm, that the crank mechanism is locked and cannot

rotate further.

However, it is known that, unlike the simulation conditions, the manufacturing process
accuracy is not ideal, which can slightly affect the dimensions of the crank and eventually
influence the results. Therefore, once the crank was manufactured, the maximum possible
displacement was validated through testing. While the top plate was loaded gradually, it was
observed that displacements further than 25 mm were not possible due to the manufacturing
and the frictions between the components. Therefore, it was decided to keep the maximum
displacement of the top plate around 25 mm. Figure 3.11 shows the initial and the ultimate
position and angular displacement diagram of the crank at the 25 mm displacement of the top

plate.
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Figure 3.11: Energy harvester unit at a) 0 mm displacement, b) 25 mm displacement

Figure 3.11b shows the unloaded and ultimate position of the crank at the displacement of 25
mm. It is worth noting that 25 mm is the maximum displacement of the top plate of the
harvester. In the actual application, this parameter depends mainly on the weight and speed of
the passing vehicle. Therefore, displacements smaller than 25 mm will also be considered in
the experimental studies. By having 25 mm displacement of the top plate, this harvester is ideal

for a smooth speed bump or road rumbles, with a minimal effect on the driver’s speed.

3.4 Finite element simulation of the crank road energy harvester

Finite element analysis (FEA) of the crank harvester unit was conducted, using ANSYS
software to study the structure of the harvester and the effect of its maximum loading condition
on the mechanical components of the structure. Unlike motion analysis, the structural
components are not merely rigid bodies in finite element analysis. Instead, they are analysed as
flexible bodies and their stress and strain distribution is analysed. In this method, the complex
body is divided into a network of several elements and nodes called mesh and the unknown

function (called the field variable) is evaluated in each node and element. Motion analysis and
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FEA are often employed together to verify the mechanism and determine the stress distribution

in the components, especially at the most critical conditions.

The purpose of conducting FEA in this study is to ensure the mechanical stability of the system
under the applied loads at critical conditions, i.e., high displacement magnitude. In the
following sections, details of this analysis, including the meshing details, boundary conditions,
and the FEA's mechanical results, are brought. Like the motion analysis, FEA was also
performed only on the crank handle and disk since they are the system’s critical components. It
was observed experimentally that the minimum torque to rotate the other components of the

harvester were negligible, so their effect was not considered in this analysis.
3.4.1 Mesh Network and The Boundary Conditions of The Harvester

As the harvester unit comprises different geometries, the meshing method of each geometry
had to be defined differently. As a result, the system is divided into 580036 nodes and 134799
elements. Figure 3.12 illustrates the meshing of the whole unit and the details of the mesh in

springs, the crank handle and disk separately.
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Figure 3.12: Mesh network of the Crank harvester unit; a) Side view b) Front view c¢) Crank disk front
d) Crank disk side. €) Front of the disk holder

The boundary conditions of the simulation were similar to the motion analysis; the bottom plate

was fixed, and the displacement of the top plate was restricted to only the vertical displacement.

In the following section, the FEA results are discussed.

3.4.2 Structural Analysis of The Crank Energy Harvester

The structural response of the harvester was evaluated using static structural analysis of ANSYS
software. The applied mechanical load was 25 mm of displacement, applied on the top plate of
the harvester unit. Moreover, the springs were eliminated from displaying the result, as they are
not critical components. Since the focus of this analysis was mainly on the evaluation of the
structural response of the crank components, i.e., the crank handle and the disk, and this
decision does not have any negative effect on this goal. Figure 3.13 shows FEA results at the

top plate’s displacement of 25 mm, which is the most critical stage.
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Figure 3.13: FEA results of a) whole system, b) the crank disk holder, c) crank handle, d) Disk
As shown in Figures 3.14d, the maximum stress in the crank disk is about 1.14e7, and it occurs
on the contact area of the disk and the disk holder, which was expected considering the loading
and rotation direction. The stress distribution on the crank holder (Figure 3.14c) also shows no
critical points, and the maximum stress on it (1.72e5 Pa) is well below the yield strength of
aluminium. Another critical component is the crank handle, which is responsible for
transferring the movements to the crank disk and a portion of the applied load. Based on the
simulation results shown in Figures 3.14c, the maximum stress that happens on the bottom bolt
equals 1.098e7 Pa. Moreover, the reaction forces of the two bolt places were also evaluated,
and they are equal to 72.68 N. In both holes, M6 bolts are going to be fixed, which have a shear
capacity of 7.72 KN. Comparing the reaction forces with the shear capacity shows that the

applied forces are far less than the bolt’s capacity.
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According to the FEA results, in the whole system (Figure 3.13a), the maximum stress is 3.61e7
Pa. This stress is well below the compressive yield strength of aluminium (2.8 €8 Pa), which is

the material used to manufacture the components.
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Figure 3.14: Reaction force results, a) Result of the simulation, 2308 N, b) Result of the experiments,
2359 N

Figure 3.14 shows the reaction force results on the top plate from the simulation and
experiments, which have a good agreement with each other. In a simulation (Figure 3.14 a), the
maximum reaction force on the top plate is equal to 2308 N at the ultimate condition, which

matches with the experimental results of 2359 N (Figure 3.14b).

3.5 Conclusions

In this chapter, the crank-based road energy harvester is studied from a structural and
mechanical point of view. Slider crank mechanism was chosen as a new system to be
implemented in this harvester unit. As its components are connected, this system has advantages
over the other systems such as rack and pinion. Also, compared to the hydraulic systems, it has
a simpler maintenance procedure. Moreover, the harvester's external dimensions were chosen
to have minimal excavation and easy installation. Once the design was completed, motion
analysis and finite element analysis were conducted in order to ensure the mechanism's
performance and mechanical stability under the applied loads in experiments. The following

points are the conclusions from these analyses.
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1. The system's output power is directly related to the angular speed of the crank, which is
affected by both top plate’s displacement speed and displacement magnitude. Hence, both
displacement magnitude and speed are important to be studied.

2. According to the motion analysis, a displacement of 35 mm results in the crank's largest
angular displacement, favouring the output power. However, in the actual condition, the
manufacturing process is far from being ideal. Frictions between the components and also the
presence of the gearbox and the generator also affect the angular displacement. Therefore, it
was decided to keep the maximum displacement of the top plate around 25 mm. This value is
the maximum displacement, which depends on the loads applied from the passing vehicles.
Hence, in the experimental studies discussed in the next chapter, it is decided to have
displacements ranging from around 10 mm to 25 mm, applied with various displacement
speeds, suitable for applications of road rumbles and smooth speed bumps.

3. Finite Element Analysis was done on the system modelled in the real scale and the springs
of 19.12 N/mm, which will be used in the experimental studies section. The mechanical load
was 25 mm of displacement applied on the top plate. According to the FEA results, the
maximum stress occurring in all the components, 3.61e7 Pa, is less than the yield strength of
aluminium (2.8e8), which is the material used to manufacture the components. Thus, the system
is stable and can withstand the mechanical loads applied to the harvester unit.

4. Both simulation results of motion analyses and FEA agreed with their corresponding
experimental results. Angular displacement obtained from the experiments matches the
simulation results, with a maximum deviation of 1.9 degrees (0.005 of a cycle) acceptable.
Moreover, the reaction force result from FEA, equal to 2308 N, is in an acceptable margin of

2359 N, achieved from the experiments.
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The next chapter focuses on the experimental studies and the laboratory tests conducted on the
harvester unit. First, the testing scenarios are described, and then the experimental results are

presented and discussed.

79



4 Experimental Studies

4.1 Introduction

Following the simulation and verification, the experimental studies on the crank-based
harvester are discussed in this chapter. In the first part of the chapter, the manufacturing and
assembly of different system components are thoroughly discussed. Details of all the
components and their role in the performance of the energy harvesting system are described.
Next, the data collection setup is described. Afterwards, the experimental setup and the
experiments' setup are discussed, and the results are obtained from each scenario. The discussed
results are the load-time diagram, the direct voltage output, the voltage and power recorded
from the power harvesting circuit, and the system's efficiency. Finally, the behaviour of each

variable in different scenarios was plotted and compared to each other.

4.2 The manufacturing procedure of the Energy Harvester

As described in the previous chapter, the crank-based energy harvester comprises various parts
that have either mechanical or electrical functions. The crank’s handle, disk, and gearbox are
purely mechanical parts, while the rectifier only has an electrical function. The electromagnetic
generator has both characteristics as it converts mechanical to electrical energy. A harvester
unit prototype was manufactured to examine the harvester in the laboratory. In the following
sections, the specifications of each part of the prototype are given separately.

4.2.1 Energy Harvester Case

The prototype's exterior comprises two plates (top and the bottom plate) supported by four
springs at the corners. Polypropylene Natural Sheet homopolymer is used for the bottom and
the top plate, with the dimensions of 210 mm x 250 mm x 20 mm. Table 4.1 shows the

mechanical properties of this material.
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Table 4.1: Mechanical properties of natural polypropylene sheet [133]

Physical Properties Unit  Result

Density g/cm3 0.95
Yield Stress MPa 32

Modulus of elasticity MPa 1400

Four springs of 19.12 N/mm stiffness were placed on the box's corners, providing the support
upon loading and unloading in the first prototype of the harvester. They are made of music wire
which is a regular material for industrial springs manufacturing. These springs were initially
chosen as their dimensions match the requirements of the box. In addition, by having an aspect
ratio of 1.78, they perform well against buckling [58]. Table 4.2 shows some of the

specifications of the spring, and in Figure 4.1, the dimensions of the exterior and the springs of

the prototype are shown.

Table 4.2: Spring specifications [134]

Specification Unit Value

d - Wire diameter (mm) mm 5.26
De - External diameter (mm) mm 49.20
Di - Internal diameter (mm) mm 38.68
Sn - Maximum travel (mm) mm 26.26
R - Spring constant (N/mm) N/mm 19.12
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c
Figure 4.1: Dimensions of the a) front, b) spring and c) the side of the harvester unit

These dimensions were primarily chosen to be within the depth of the pavement of roads and
have an easy maintenance process. The pavements depth of the roads depends on the service
loads applied on them and their service area. However, it can vary between 3 inches to 9 inches
(76.2 to 228.6 mm) [135], and the depth of the harvester is around the average of this range.
4.2.2 The crank mechanism

The crank mechanism comprises two parts of the handle, and the disk bolted together. A bearer
has been added to ensure the crank disk's stability under the loading and unloading cycles in
this design. The parts were manufactured out of aluminium, a high-strength, abundant material

exhibiting sufficient corrosion resistance. Table 4.3 shows the mechanical properties of the
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aluminium alloy used for manufacturing the parts, and Figure 4.2 shows the design details of

the crank handle, disk, and bearer.

Table 4.3: Mechanical properties of the Aluminium Alloy

Physical Properties Unit Result
Density g/lcms3 2.77
Yield Stress MPa 280
Modulus of elasticity MPa 71000
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Figure 4.2: design details of the crank parts: a) Disk, b) Handle, c) Bearer

4.2.3 Gearbox

In this harvester, a planetary gearbox was decided to be the link between the generator and the
crank to increase the angular speed while transferring to the generator. As shown previously,
the angular speed of the generator plays a crucial role in its output power. In addition to the

dimensional compatibility, the gearbox had to have high efficiency and low backlash. Table 4.4
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shows the

mechanical properties of the chosen gearbox, and its dimensions are shown in Figure

4.3.
Table 4.4: Mechanical properties of the employed gearbox
Specification Unit Value
Gear Ratio 100
Maximum backlash Arc-min 25
Efficiency % 95
Maximum torque N.m 135

3.18
@#15.24mm 2o
61.24mm
@49.24mm
a

- 62mm

Figure 4.3: Dimension Details of the gearbox, a) front, b) back, c) side views

4.2.4 Generator

The electromagnetic generator is the hybrid component of this road energy harvester, which

converts the mechanical to electrical energy. It is connected to the gearbox, and the angular

displacement and speed, which are increased through the gearbox, make it revolve and generate
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electricity. In this system, a 2-phase NEMA 17 generator having compatible dimensions with
the gearbox was employed. Before installation, the generator was characterised using a heavy-
duty drill to calculate the generator's electrical constant (Equation 3.2). Figure 4.4 illustrates
the characterisation experiment done on the generator. In this test, the rotation speed is 350 rpm
which results in 5.75 Volts electrical potential generation. This voltage is the output of one of

the two phases of the generator.

EXTECH

Figure 4.4: Generation of 5.75 V at 350 rpm

According to Equation 3.2, the electrical constant of the generator is equal to 0.9836 Vs/r.

. yields

V, =K, .0, — K, =0.9863Vs/r
V, =575V
6, = 350 rpm = 5.83 rps
Table 4.5 shows the specifications of the employed generator, and Figure 4.5 shows its

dimensions.

Table 4.5: Specifications of the generator

Specification Unit Value
Phase number 2
Phase angle Degrees 1.8
Electrical constant Vsir 0.9836
Weight Kg 0.34
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Figure 4.5: Dimensions of the employed generator, a) front, b) back, c) side views

4.2.5 Bridge Rectifier

As the crank-based road harvester is performing under cyclic loads of loading and unloading,
in each cycle, the cap and consequently the generator's shaft rotates in opposite directions,
generating alternating positive and negative voltages. However, the negative voltage is not
useful and hence, to eliminate them and turn them into positive voltages, a full bridge rectifier,
as explained in the previous chapter, is connected to the generator. Since there are two pairs of
output, two rectifiers are required at the end of the generator. It should be mentioned that even
though these rectifiers also cause voltage drop, they were used instead of a one-way clutch,
which is a mechanical solution employed in previous studies [12], [67], [136], to reduce the
mechanical complexity and simplify maintenance, as it is a small piece with easy installation

and suitable for charging batteries [137]. Figure 4.6 shows the dimensions of the rectifier.
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Figure 4.6: Dimensions of the employed rectifier
An experiment similar to the characterisation of the generator was performed to evaluate the
voltage of the rectifier. Two generator terminals were connected to the rectifier, and the output
was measured using a multimeter. Figure 4.7 shows the test setup and the result. The angular
speed of the generator is 350 rpm, similar to the previous set-up. As it can be seen, the output

voltage is dropped from 5.75 V to 5.31, which is due to the effect of the rectifier and its voltage

1 3.5mr

loss. Therefore, around 0.08 V (1.4%) is lost at the angular speed of 350 rpm (5.83 rps).

Once these pieces were prepared, they were bolted to each other, and the whole system was

setup.

Figure 4.7: Test set up to evaluate the voltage loss due to the rectifier
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In addition to the explained parts, a data logger device, program, and electrical resistors with

different magnitudes were used throughout the experimental program.

4.3 Data logging and processing

Data logging was done using the NIDAQ data logger, and an exclusive LabView program to
record the data was designed. Figure 4.8 shows the NIDAQ unit and the overview of the
LabView program. The maximum logging speed of the NIDAQ is 100 HZ which was also used

in this experimental study.

e |

R A A R T T R L T en
"
-

Figure 4.8: NIDAQ unit (a) and the overview of the LabView program (b)

4.4 Experimental Setup and Results

The experimental program was designed in order to investigate the performance of the crank-
based electromagnetic harvester. According to the analysis explained in the previous chapter,
the important factors affecting the system's output power are the angular speed of the crank and
the resistance of the circuit. The resistance comprises the internal resistance, an inherent
property, and the external resistance of the energy harvesting circuit, which is a variable and

can be optimized.



4.4.1 Power harvesting circuit

The schematic design of a power harvesting circuit is shown in Figure 4.9, and it is comprised
of the generator (source of voltage) connected to an external resistance and a multimeter. In this
study, the combination of the generator and rectifiers are the voltage source as the voltage had
to be rectified. The electrical power is calculated by measuring the voltage around the external
resistance and following the equations 4.1 to 4.3.

P=VI Equation 4.1

Where P is the power, V is the voltage around the resistor, and 1 is the electrical current.

According to Ohm’s law:
4 :
I = = Equation 4.2
R being the resistor’s magnitude. Therefore

P =— Equation 4.3

It should be mentioned that in the current study, as the generator has two pairs of leads, two
sets of resistance were connected to the leads, and the voltage around both of them was

recorded.

@

© 2-

Figure 4.9: Power harvesting circuit

The scenarios of the laboratory testing were designed considering the external resistance and
the angular speed of the crank. Based on the motion analysis in the previous chapter, the angular
speed is affected by the top plate’s displacement magnitude and speed. Consequently, the power
output of the harvester was evaluated using different resistances and under various displacement
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magnitudes and speeds. In real applications, different displacement speeds and magnitudes refer
to passing vehicles with different speeds and weights that apply various loads in different time

intervals.

In addition to the electrical outputs (the voltage and power), in each testing scenario, the
experimental voltage output is compared to the theoretical estimation, calculated through
motion analysis results. The division of the experimental over the theoretical values indicates
the energy generation efficiency of the system, which is referred to as the “efficiency” and is

discussed in the results section. Figure 4.10 shows the experimental procedure.

Using the optimizing
resistance (constant)
the energy harvester

The system was tested
using different external
resistances and the
optimizing resistance
was found

The parts of the crank-
based energy harvester
was tested under
different displacemnets
and speeds.

were prepared and
assembeled together

Figure 4.10: Experimental procedure

4.4.2 Optimizing the External Resistance

The output power of the harvester was tested using different resistances ranging from 8 to 270
ohms connected to the generator. Table 4.6 shows the values of the employed external
resistances.

Table 4.6: External resistors values

External resistor (ohms)

8.4 49.2
11.7 70.3
15.8 83.8
24.3 100
30 180
355 220
41.7 270
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In this stage, the displacement magnitude and speed factors were kept constant at 18 mm and
13 mml/s, respectively. Figure 4.11 is the one-cycle voltage-time diagrams around 4 resistances
of 8, 100, 180 and 270 ohmes. It can be seen that although the mechanical loads are similar, the
voltage around the resistors change as their values change. Therefore, as illustrated
theoretically, the output power changes depending on the external resistance, and there is an
optimizing resistor corresponding to the system's maximum power output. This observation is
also consistent with the previous studies [33], [75], [138], [139]. The voltage around the resistor
is recorded to find the optimizing resistor. Since the voltage-time diagrams are consistent, the
average of one cycle matches with the average voltage of several cycles. Next, the average

power is calculated following equation 4.3 and taking the numerical average of the power

pulses.
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Figure 4.11: Voltage-time diagrams of the voltage around the resistors of a) 8 ohms, b) 100 ohms, c)

180 ohms and d) 270 ohms
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According to Figure 4.12 that illustrates the average power—resistance diagram, the maximum
average power of around 0.3 watts happens around the resistance of 35.5 ohms. This resistor

will be used in the further steps of the experimental study.
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Figure 4.12: Power- resistance diagram

4.4.3 Energy Harvester Under Mechanical Loads

As it was shown before, both the displacement magnitude and speed are effective on the
mechanical harvester’s output power. Therefore, an Instron testing machine that is capable of
applying cyclic loads with different loading speeds was used. In this device, the variable
parameters of cyclic loading are the loading speed and the maximum displacement. The
electromagnetic energy harvester was placed in the device and connected to the NIDAQ and to

the data-logging computer. The testing setup is shown in Figure 4.13.
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Figure 4.13: Test setup of the mechanical harvester using the Instron device

It should be mentioned that the device has a limit that the loading speed cannot exceed 14.67
mm/s. The other limitation is the accuracy of this machine, which was observed to be around
90%, meaning that the displacement applied on the harvester during the experiments is 25 mm+

2.5 mm.

It was shown that both displacement magnitude and speed are important factors affecting the
output power of the system. Therefor, in the experimental phase, the output of the system was
evaluated under different combinations of loading speed and magnitude, ranging from 3.34
mm/s to 14.67 mm/s, and 10 mm to 25 mm, respectively. The combinations of the loading speed
and displacement were chosen according to the statistical method of central composite design,
using the software of Origin Design of Experiments extension, with an alpha value of 1.414
and 4 center points. This method is useful to study the effect of each factor and their interaction
on the response of the system, which in the case of this study are the electrical outputs. It is
worth mentioning that due to testing machine’s precision, displacements of less than 10 mm

were not applicable, and furthermore, the system was also tested under the maximum
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displacement magnitude (25 mm) and speed (14.67 mm/s). The different testing scenarios are

outlined in Table 4.7.

Table 4.7: Testing Scenarios of The Harvester Under Mechanical Loads

V (mm/s) Displacement (mm)
3.34 16
) 19
5 10
9 16
9 25
13 10
13 18
14.67 18
14.67 25

As both variables are effective on the output power, this combination was designed to optimize
the output power. In this design, the response is the output power, and it is evaluated in various
combinations of the independent variables (loading speed and displacement). Given that the
optimizing external resistance is equal to 35.5 ohms, this external resistor was used to evaluate
the system's output power. In the following sections, the mechanical and electrical output of 4
scenarios of the total 9 combinations is presented. The remainder of the results is brought in the

Appendix.

4.4.3.1 Loading Speed of 3.34 mm/s and Displacement Of 16 mm

Figure 4.14 shows the load-time diagram of the harvester under this loading condition.
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Figure 4.14: Force-time diagram of the harvester under 3.34 mm/s and Displacement Of 16 mm
Two cycles of loading and unloading are shown in Figure 4.14. The applied loads increase until

1.6 KN, around 5.1 s, and reduce at the same pace. The second peak is also formed similarly.

Figure 4.15 shows the voltage-time diagram of the harvester under 16mm of displacement and
3.34 mm/s loading speed. This voltage is the output of one pair of the generator’s leads,
connected to the rectifier. As it can be seen, the loading (first and the third peaks) and unloading
cycles (second and fourth peaks) and their peak values are similar to each other, meaning that

the unloading speed and displacement level matches with loading.
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Figure 4.15: Voltage- time of the harvester under loading speed of 3.34 mm/s and displacement of 16
mm
According to the diagram, the voltage in the cycles reaches the maximum of 2.8 V and has a

sharp drop around the time of 4.7 s, when the harvester is at its maximum compressed state.
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Afterwards, as the unloading starts, the generator rotates again (in the opposite direction), which

results in another voltage peak.

According to the motion analysis, this loading condition will result in the maximum angular
speed of 18 deg/s, equal to 0.05 rps. Affected by the gearbox, the generator will have an angular
speed of 5 rps. As the electrical constant of the generator was found equal to 0.9836, and the
voltage loss was around 1.4%, the theoretical rectified peak voltage must be around 4.54 V. the
experimental peak voltage is 2.8 VV which is around 62% of the theoretical. The difference
between the theoretical and the experimental peak voltage is the efficiency of the system and is

due to the energy dissipation between the mechanical parts and the friction between them.

Figure 4.16 shows the output voltage around the resistance of 35.5 ohms and the power versus

time.
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Figure 4.16: System's response under 3.34 mm/s and 16 mm displacement a) Voltage-time around the

35.5 ohms, b) Power-time
As it can be seen, the voltage around the resistor has decreased compared to Figure 4.15.
According to the diagrams, the maximum power is around 0.14 W, corresponding to the
maximum voltage of 2.2 V. Under this mechanical loading, the average power and voltage is

around 0.0233 W and 0.075 V, respectively.

4.4.3.2 Loading Speed of 9 mm/s and Displacement Of 25 mm

Figure 4.17 is the force-time diagram of the system in this loading scenario.
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Figure 4.17: Force-time diagram of the harvester under 9 mm/s and Displacement Of 25 mm
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As the loading starts, the force increases until it reaches a maximum of 2.25 KN, over around
2 seconds, followed by a decrease until complete unloading occurs. Then, the second peak is

started and has a similar trend to the previous cycle.

Figure 4.18 shows the voltage-time diagram of the harvester under 25 mm of displacement and
9 mm/s loading speed. As it is shown, the loading and unloading peaks are similar to each other,
with the maximum peak of about 5.3 V. Since the displacement is relatively large, enough
reaction force is generated in the springs, which makes the system return back completely

generating almost equal voltages.
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Figure 4.18: Voltage-time of the harvester under 25 mm of displacement and the speed of 9 mm/s

When the loading starts, voltage increases until it reaches the maximum value of around 5.4 V
and as the loading continues, the voltage is generated until the maximum displacement level is
reached, where the loading stops for a short time and hence, the voltage diagram shows a steep
drop as no voltage is generated. However, once the unloading process starts, the voltage is

generated again, and the unloading voltage peak is formed in the diagram.

According to the motion analysis, under this testing condition, the maximum angular speed of
the crank is 46 deg/s which is the equivalent to 0.128 rps. Therefore, the maximum angular

speed of the generator reaches 12.8 rps. Such angular speed, as affected by the electrical
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constant and the rectifier loss, results in the maximum theoretical voltage of 11.63 V. The
maximum experimental voltage is 5.4 V which is 46% of the theoretical value, and it is the
generation efficiency of the system under this mechanical performance. This deviation is caused

by the loss of energy in the generator and gearbox and the friction.

Figure 4.19 shows the voltage-time diagram around the resistor of 35.5 ohms and the power-

time diagram under the current testing condition.
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Figure 4.19: System's response under 9 mm/s and 25 mm displacement a) Voltage-time around the

35.5 ohms, b) Power-time
According to Figure 4.19, the maximum voltage around the external resistor is 4.4 V, resulting

in peak power of 0.545 W. The average output power is around 0.217 W, and the average

voltage is 2.315 V.
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4.4.3.3 Loading Speed of 13 mm/s and Displacement Of 10 mm
The force-time diagram of this testing scenario is plotted in Figure 4.20. Similarly, as the
loading starts, the force increases until around 1 KN and reduces during the unloading. The

second cycle also starts and follows a similar pattern to the first one.
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Figure 4.20: Force-time diagram of the harvester under 13 mm/s and Displacement Of 10 mm

The voltage-time response of the generator under the displacement of 10 mm and 13 mm/s

speeds is plotted in Figure 4.21. As it can be seen, the unloading peaks (the second and the

fourth) are smaller than the loading ones (the first and the third). Although the speed is relatively

high because the displacement magnitude is short, the reaction forces generated in the springs

make the harvester not return back entirely to its original state, causing this observation, which
happens in every loading and unloading cycle.
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Figure 4.21: Voltage-time of the harvester under 10 mm of displacement and the speed of 13 mm/s
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When the loading starts, the generator spins and the voltage increases until it maximises at the
peak of about 4.2 V, followed by a sharp drop, as the harvester is at its maximum loading state
and there is a short pause. Afterwards, the voltage is again generated when the unloading starts,

and the unloading voltages are recorded.

According to the motion analysis, the maximum angular speed of the crank under this
mechanical load is 81 deg/s, equivalent to 0.225 rps. When transferred to the generator, it will
spin by 25 rps, giving a theoretical maximum voltage of 20.44 V. As the experimental voltage
(4.2 V) is 21% of the theoretical voltage, it can be deduced that this loading condition causes a
lot of energy loss and it is not an efficient one. This loss is caused by the friction between the
mechanical parts and the efficiency of the gearbox and generator. Additionally, although the
speed is high in this testing, the displacement is the lowest among all the scenarios. This
displacement causes partial unloading, which also affects the further cycles, the harvester's
performance, and reduces its efficiency. Figure 4.22 shows the voltage-time around the resistor

of 35.5 ohms and the corresponding power diagrams.
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N

Time (s)
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Figure 4.22: System's response under 13 mm/s and 10 mm displacement a) Voltage-time around the

35.5 ohms, b) Power-time
The voltage-time diagram has similar shapes but lower values than the voltages in Figure 4.21.
When loading, the power increases and maximizes around 0.326 W, which is followed by a
sharp decrease as the loading is finished. Similarly, when unloading starts, the power increases
until 0.0633 W and then gradually decreases. The unloading peak is wider as the reaction force
in the springs is small, and the system cannot rebound rapidly. The average voltage and power

are around 3.4 V and 0.326 W, respectively.

4.4.3.4 Loading Speed of 14.67 mm/s and Displacement Of 25 mm

The Force time diagram of this scenario is plotted in Figure 4.23. As the loading begins, the
force values rise until around 2.3 KN, over the period of 1.54 seconds, which is followed by
slower unloading. As the system recovers, the next loading cycle starts, which follows a similar

pattern.
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Figure 4.23:Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 25 mm

The voltage-time diagram of the harvester directly connected to the rectifier, and under 14.67

mm/s speed and the displacement of 22 mm, is plotted in Figure 4.24.
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Figure 4.24: Voltage-time of the harvester under 25 mm of displacement and the speed of 14.67 mm/s
According to Figure 4.24, the loading and unloading peak values are close to each other, and
as a large reaction force is generated in the springs, the system recovered almost completely.
As the displacement starts and the system is loaded, the voltage starts to increase. This increase
continues the peak value of around 5.8 V, in which the harvester is fully compressed; as there
is a short pause, the voltage drops to zero until the unloading starts, and the unloading peak is

formed, which maximizes around 5.4 V.

Based on the motion analysis, the maximum angular speed of the crank is equal to 74 deg/s,
corresponding to 0.206 rps. As affected by the generator, the maximum angular speed of the
generator is equal to 20.6 rps, which considering the electrical constant and rectifier, this
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angular speed results in the maximum theoretical voltage of 18.71 V. The peak experimental
value is equal to 5.8 V, 31% of the theoretical value, which indicates the efficiency of the
system. These differences are caused by the friction between the mechanical parts and the loss

in the gearbox and generator.

Figure 4.25 shows the voltage around the resistor of 35.5 ohms and the harvester's

corresponding output power harvester.
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Figure 4.25: System's response under 14.67 mm/s and 22 mm displacement a) Voltage-time around the
35.5 ohms, b) Power-time

According to Figure 4.25, the maximum voltage around the external resistor is 5 V, occurring
during the loading of the harvester, and consequently, the maximum power is also equal to 0.7
W. Moreover, the average voltage and the power under this loading condition equal 2.6 V and

0.275W.
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As discussed separately, in each mechanical condition, the electromagnetic energy harvester
gives different maximum voltage and power, and the system's efficiency also changes,
depending on the conditions. In the following section, the obtained results are discussed and

compared to each other.

4.5 Comparison of the results

In this section, a thorough comparison is made between the results achieved from each testing
scenario. In the previous section, the results were discussed separately, and it was observed that
both loading speed and displacement level affect the results of the output power and voltage of
the system. In addition, the system’s efficiency was also different in each scenario. Given that
the results are discussed over two loading and unloading cycles, they are comparable to each

other. Each response’s comparison is discussed separately, as follows.
4.5.1 Output Voltage of The System

Each testing scenario resulted in different maximum and average voltage due to producing a
different angular speed and having different efficiency. Moreover, the voltage recorded directly
from the rectifier is different from around the resistor. Therefore, these parameters are

compared separately, as follows.

Table 4.8 shows the maximum and the average and voltages recorded from the harvester in

each testing scenario.

Table 4.8: Direct rectified peak and average voltage of the system

Scenario . Peak voltage
Number V (mm/s)  Displacement (mm) V) Average voltage (V)
1 3.34 16 2.9 1.190
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2 5 19 4.2 1.860
3 5 10 3.2 0.943
4 9 16 5.1 2.076
5 9 25 5.4 2.893
6 13 10 4.2 1.142
7 13 18 6.2 2.797
8 14.67 18 6.9 2.866
9 14.67 25 5.8 3.135

Figure 4.26a shows the contour diagram of the peak voltage, plotted against the loading speed

and the displacement magnitude.

According to the diagram, the peak voltages of 5.9 to 6.9 V occur when the loading speed is
around 13 to 14.67 mm/s, and the displacement is more than 15 mm. This observation is
consistent with the theoretical analysis, as in these conditions, the angular speed of the crank is
around the maximum. The average voltage of these loading conditions is more than 2.7 V,
which is higher than the other conditions. However, as the average voltage also depends on the
unloading peak voltage, it is higher when the loading and unloading cycles are similar, which
is the case for the 7", 8", 9™ as well as the 5™ case, where the loading speed is 9 mm/s, and the
displacement is 25 mm. In this scenario, the loading and unloading cycles have equal peak
value. Figure 4.26b is the contour diagram of the average voltage plotted with respect to the

loading speed and the displacement.
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Figure 4.26: a) The maximum voltage. b) The average voltage

4.5.2 Output Power of The System

The system's output power was calculated by measuring the voltage around the optimizing
external resistance, which is 35.5 ohms. As they are interrelated, in this section, the system's
output power is compared in different mechanical conditions. Table 4.9 shows the average and
the maximum power obtained from each scenario, and Figure 4.27 is the corresponding contour

diagrams of the peak power and the average power against the loading speed and displacement.
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Table 4.9: Average and the maximum power recorded from each scenario

zclzjer:zf; V (mm/s)  Displacement (mm) | Peak Power (W) Average Power (W)
1 3.34 16 0.28 0.046
2 5 19 0.71 0.164
3 5 10 0.32 0.04
4 9 16 1.0 0278
5 9 25 1.08 0.444
6 13 10 0.33 0.08
! 13 18 1.44 0.436
8 14.67 18 1.84 0.504
9 14.67 25 1.40 0.554
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Figure 4.27:a) The maximum power, b) The average power

108



According to Figure 4.27, the maximum and average power have the same pattern as the voltage
diagrams in Figure 4.26. The absolute maximum power of all the scenarios is equal to 1.84 W,
occurring as the loading speed is around its maximum and the displacement is more than 15
mm. Similarly, the average power also peaks when both loading speed and displacement are

around their maximum level. The maximum average power of one cycle is equal to 0.554 W.
4.5.3 The efficiency of the System

Figure 4.28 is the contour diagram of the generation efficiency for different loading speeds and

displacements.
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Figure 4.28: Efficiency of the system under different scenarios

The system's efficiency was evaluated by comparing and dividing the maximum theoretical
voltage (through the maximum angular speed) by the maximum experimental voltage logged
in the laboratory. This ratio was calculated for all the loading conditions and changes depending
on the loading scenario. It was observed that the least efficiency of the system was obtained
when the displacement level is 10 mm (minimum), and loading speed is 13 mm/s (relatively
high), while it was maximized when the displacement is 19 mm (relatively high), and the speed

is relatively low (5 mm/s).
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Regarding the real applications, different displacements and loading speeds correspond to
various passing vehicles (different peak forces) with various speeds. Faster loading speeds stand
for the vehicles that pass the speed bump faster, and similarly, those vehicles passing slower
correspond to the slower loading speeds. Likewise, as different vehicles have different curb
weights, the maximum forces applied on the speed bump can differ, depending on their weights
and speeds. Hence, this harvester is suitable for installation on urban roads, where the weights
and the speeds of the passing vehicles are more diverse and closer to the loads applied in the
laboratory. In the following section, the performance of the harvester is evaluated under

anticipated real field conditions.

4.6 Real Field Performance of The Harvester

As mentioned in the previous section, the experimental evaluation of the harvester is limited by
the displacement speed and frequency, implied by the testing machine. The maximum possible
loading speed of the testing machine is 14.67 mm/s which is less than the loading speed in real
conditions. Hence, in this section, the anticipated performance of the harvester is evaluated

through simulation, under the loading conditions similar to the real field.

In real road application, this harvester can be installed as road rumbles along the edges of the
road in turnarounds. Assuming that the average vehicles speed when passing is 75 Km/h [12],

the time that takes for the vehicle to pass over one harvester (210 mm width) is:

w=210 mm=0.21m

75 km/h=20.83 m/s t=0.01s

It is also assumed that the load applied by the passing vehicle is able to compress the harvester
25 mm, which is the full displacement capacity of the harvester. These parameters are employed
as the inputs of the motion analysis, using Solidworks. The loading scenario is given as Data

Points in the program, with linear interpolation type and 0.01 s time increment steps.
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According to the motion analysis, under 25 mm displacement applied over 0.01 s, the maximum
angular speed of the crank disk is equal to 35.45 cycles per second (rps). Considering the effect
of the gearbox, the generator will revolve at the speed of 3545 rps. According to the generator’s
specifications, at high speeds (i.e., more than 5000 rpm) it can generate a maximum voltage of
around 500 V. Considering the effect of rectifier and the resistor, the anticipated output voltage
around the optimal resistor of 35.5 ohms, will be equal to 355.15 V.

It can be seen that the voltage output in real field application, due to higher loading speed, is
higher than the experimental results. The current loading scenario applied on the harvester is
very similar to the real field application, in which the harvester will be under impact load from
the passing vehicles.

Furthermore, as this harvester can have versatile applications, higher power levels can be
achieved by installing generators that are more compatible with higher speeds.

In this section, the expected performance of the harvester under real field conditions was
estimated. However, it is worth mentioning that to avoid any over estimations due to
misassumptions, in the following chapters, and for the feasibility evaluation of the harvester the
actual experimental data taken from the laboratory results is utilised. The simulations and the

estimated output of the harvester done in this section are to be validated in future work.

4.7 Conclusions

This chapter discussed the manufacturing and experimental study of the first prototype of the
crank-based road energy harvester thoroughly. After the details of each component, the
experimental plan was discussed, followed by the results presented and analyzed in each
section, and eventually, the comparison of the obtained results. Based on the results, the

following points can be concluded.

1. The external resistor of the energy harvesting circuit is an important factor affecting the

system's output power. Through an experimental plan, the output power was evaluated against
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different external resistors. The optimal resistor was found equal to 35.5 ohms. This resistor
was used in the further steps of the experimental study.

2. In the force-time diagrams of the harvester, their maximum values depend on the maximum
displacement level of the harvester and the speed. In equal displacements, if the loading speed
is higher, the peak value of the forces increases slightly as well.

3. As the loading speed increases gradually, the maximum voltage obtained directly from the
generator increases. This observation is consistent with the fact that the output voltage is
directly related to the angular speed of the crank, which increases as the loading speed grows.
The speed has an optimum of 14.67 mm.

4. Likewise, an increase in the displacement magnitude, especially after 8 mm, also increases
the system'’s output voltage. However, its positive effect is less pronounced compared to the
loading speed, and the maximizing displacement is around 18 mm, which is less than 25 mm
(i.e., the maximum displacement).

5. Considering the output power of the system, as it is also related to the angular speed of the
crank, it maximizes around the highest loading speeds and displacements, with a peak of almost
1.84 W, occurring with the loading speed of 14.67 mm/s and the displacement of 18 mm.

6. The system's efficiency was evaluated by comparing the maximum theoretical and
experimental voltages, dividing the experimental over the theoretical. Based on the diagram,
the highest efficiency occurs when the loading speed and the displacement are around 5 mm/s
and 19 mm, respectively. By increasing the speed and the displacement, the efficiency decreases
to around 42%, and further increase reduces it to around 36%. Hence, it can be deduced that in

an average condition, the efficiency of the system is around 45%.
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5 Performance Enhancement of Crank Road Energy

Harvester

5.1 Introduction

In this chapter, improving the performance of the crank-based energy harvester is discussed in
detail. In chapters 3 and 4, it was shown through simulations and experimental investigations
that the prototype of the harvester is capable of enduring various loads matching the real field
applications, with an absolute maximum endured load of about 2.3 KN, corresponding to a
passenger car with a curb weight of 9200 KN (~940 Kg average mass). While this curb weight
matches with some urban cars such as Suzuki Motor Corporation average curb weight [140],
other regular passenger cars such as SUV’s are heavier. Therefore, in this chapter, the
performance of the harvester enhanced in terms of the loading capacity. Since the loading
capacity of the harvester is strongly dependent on its suspension system’s stiffness, this
enhancement was investigated by incorporating different sets of springs, with higher stiffness.
The harvester was assembled with different springs (different stiffnesses), and its performance
was evaluated under various testing scenarios, with the loading speed and displacement as the
independent variables. In addition to the loading capacity, the electrical output and the
generation efficiency are the other key elements that were studied. It is worth mentioning that
the other parameters such as the dimensions of the crank’s components have none or negligible

effect on the loading capacity of the harvester and therefore are not the considered in this study.

Besides the original spring stiffness of 19.12 N/mm, the system was reassembled with 4 more
spring sets, with stiffnesses of 25.20 N/mm, 29.77 N/mm, 35.88 N/mm, and 43.54 N/mm, and
tested in the laboratory for its mechanical stability (load-bearing capacity), average and

maximum power output, their output voltage and efficiency.
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The results are brought in separate headings in the following sections. Afterwards, the results
are compared together, the optimizing condition and the best resulting spring set is identified
from the mechanical and electrical aspects. Finally, the results are summarised in the

conclusions.

5.2 Performance of the harvester with different springs

As explained in the introduction in this chapter, the performance of the crank-based road energy
harvester built up with spring sets with different stiffnesses is evaluated under various
mechanical and electrical loads. Four different spring sets were placed on the corners of the
harvester unit, and the performance was evaluated under different scenarios of mechanical
loads, similar to the previous chapter. Table 5.1 shows the materials and stiffnesses of the

springs, and Figure 5.1 shows their dimensions.

Table 5.1: Springs’ properties

Materials Youngs modulus

Spring ID Material (GPa) Stiffness (N/mm)
S1 Stainless steel 200 25.20
S2 Stainless steel 200 29.77
S3 Music wire 207 37.88
S4 Stainless steel 200 43.54

R2.63mm
/l
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Figure 5.1: Springs' dimensions, a) 25.20 N/mm, b) 29.77N/mm, c) 37.88 N/mm, d) 43.54 N/mm
A full experimental study was conducted for each spring set, similar to the scenarios and the
tests carried out on the spring set of 19.12 N/mm, which was thoroughly discussed in the
previous chapter. First, the optimal resistance of the system is measured by installing a range
of resistors in the power harvester circuit. Secondly, the raw output voltage logged from the
rectifier is analysed, and the system's efficiency is evaluated by comparing the theoretical and
experimental voltages. Finally, the circuit voltage and the output power of the system is
presented and discussed. Table 5.2 shows the testing scenarios of the electromagnetic harvester

in different displacement magnitudes and loading speeds.

Table 5.2: Loading speed and displacement scenarios for testing the electromagnetic harvester

V (mm/s) Displacement (mm)
3.34 16
5 19
5 10
9 16
9 25
13 10
13 18
14.67 18
14.67 25
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5.2.1 Results of Spring Set of 25.20 N/mm

This section discusses the results taken from the crank harvester supported by the springs of
25.2 N/mm. The optimal external resistance of the system was measured by installing different
external resistances in the circuit and measuring the voltage around them under a constant
mechanical condition. Following Ohm’s law (equation 4.2), the power output of each circuit is

calculated and plotted against the resistance.

Figure 5.2 shows the voltage-time diagram of the harvester with the spring set of 25.2 N/mm,
around various external resistors, under the displacement of 18 mm and loading speed of 13

mm/s.
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Figure 5.2: Voltage-time diagrams of the harvester with the spring set of 25.2N/mm, the voltage

around the resistors of a) 8 ohms, b) 100 ohms, ¢) 180 ohms, and d) 270 ohms
Accordingly, the voltage around the resistors changes as the resistor changes. Compared to the

resistance of 8 ohms, the rest of the voltages are higher. However, by plotting the power against
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the resistance, it is observed that the power increases and, after a maximum peak, decreases
gradually. Figure 5.3 shows the power-resistance diagram. The diagram shows the average

power taken from the circuit in one loading and unloading cycle.
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Figure 5.3: Power-resistance diagram- 25.2 N/mm spring stiffness

According to Figure 5.3, the output power maximizes around the resistor of 35.5 ohms. This
resistor is equal to the same optimal resistor measured for the crank harvester with the spring

set of 19.12 N/mm, in the previous chapter.

In the following parts, the electrical and mechanical output response of the crank harvester is
evaluated using this external resistor. Similar to the previous chapter, 4 of the 9 testing

scenario’s results are discussed. The remaining results are brought in the Appendix.

5.2.1.1 Loading Speed of 3.34 mm/s and Displacement Of 16 mm
Force- time diagram of the crank harvester under the mechanical loads of 16 mm displacement

and 3.34 mm/s loading speed is plotted in Figure 5.4.
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Figure 5.4: Force-time diagram of the harvester under 3.34 mm/s and Displacement Of 16 mm- 25.2 N
spring stiffness

The loading speed of this scenario is the lowest compared to the other scenarios. As the loading

begins, the force increases over almost 5 seconds, when it ultimately reaches a peak of 2.15

KN. The unloading also takes about 5 seconds until the force drops to almost 0. The rest of the

cycles also repeat similarly.

The voltage-time diagram of the harvester logged directly from the rectifier, under the loading
conditions of this scenario, is plotted in Figure 5.5. Two loading and unloading cycles outputs
are illustrated in the diagram. As the loading starts, the voltage increases gradually, as the
loading speed is minimal. The maximum voltage reaches a maximum of 3.3 V. Afterwards, due
to a short pause between the loading and unloading, the voltage drops to zero. Once the
unloading starts, the voltage values begin to rise again and maximise around 3.2 V. As
observable, the loading and unloading voltage peaks are almost equal, and the cycles are
similar. However, comparing the time spans of the loadings and unloading, the unloading

occurs over a shorter duration.
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Figure 5.5: VVoltage- time of the harvester under loading speed of 3.34 mm/s and displacement of 16
mm- Spring stiffness 25.2 N/mm

Considering the motion analysis of the system, the maximum angular speed of the crank in this
loading scenario is 18 deg/s, corresponding to 0.05 rps. As a result of the gearbox, the generator
is rotating at 5 rps. If the electrical constant of the generator and the effect of the rectifier is
considered, the maximum theoretical voltage from the generator is equal to 4.54 V. The
experimental peak voltage is 3.3 V, equal to 73% of the theoretical value. This proportion
indicates the efficiency of the harvester under this loading scenario. The deviation is caused by

the energy dissipating factors in the assembly, such as the friction between the components.

The voltage around the external resistor is measured, and the power is calculated following the
ohm’s law to evaluate the system's output power. Figure 5.6 shows the respective diagrams of

the voltage and power.
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Figure 5.6: System's response under 3.34 mm/s and 16 mm displacement- spring stiffness 25.2 N/mm.
a) Voltage-time around the 35.5 ohms, b) Power-time

Voltage values around the external resistances are lower than the raw rectified voltage. The

loading and unloading cycles generate voltages and power pulses with maximum values of 2.5

V and 0.18 W and 2.4 V and 0.165 W, respectively. The average voltage is 0.9 V, and the

average power is 0.033 W in this loading scenario.

5.2.1.2 Loading Speed of 9 mm/s and Displacement Of 25 mm
Force time diagram of testing the crank harvester under the displacement of 25 mm and the
loading speed of 9 mm/s is plotted in Figure 5.7. The force diagram increases as the loading
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starts and gradually reaches a maximum of 3 KN, which in the first cycle happens around 2.5
seconds. After this peak, unloading starts, and force drops to zero over almost 2.2 seconds. The

remaining cycles also repeat in the same trend.
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Figure 5.7: Force-time diagram of the harvester under 9 mm/s and Displacement Of 25 mm- 25.2 N
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Figure 5.8 shows the voltage-time diagram logged from the rectifier under the loading scenario

of 9 mm/s speed and displacement of 25 mm.
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Figure 5.8: VVoltage- time of the harvester under loading speed of 9 mm/s and displacement of 25 mm-

Spring stiffness 25.2 N/mm

As the displacement is applied, the crank starts revolving and the plot increases until a peak of

5.3 V in loading, and as the spinning stops, the voltage drops to zero around 2 seconds. When
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the unloading starts, the voltage increases again and reaches the maximum of about 6.6 V at the

peak.

The maximum crank speed is 0.128 rps, and when conveyed to the generator, it revolves at 12.8
rps. Considering the influences of the generator and rectifier, the maximum theoretical voltage
from this revolution speed is 11.63 V. Comparing the average of the experimental peak voltages
(6.6 V and 5.3 V), they are almost 51% of the theoretical value, and the absolute maximum of
the experimental voltage (6.6 V) is 57% of the theoretical voltage, which are indicating an

estimation of the system’s efficiency.

The difference between the peak voltage of loading and unloading is worth noting. It is caused
by the slight difference between the loading speed (applied by the testing machine) and the
unloading speed (affected by springs and their compression level). As the rebounding speed of
the spring also depends on its compression level, this difference is more pronounced when the

loading displacement is either minimum or maximum.

The voltage and power outcomes of the harvesting circuit are plotted in Figure 5.9.
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Figure 5.9: System's response under 9 mm/s and 25 mm displacement- spring stiffness 25.2 N/mm. a)

Voltage-time around the 35.5 ohms, b) Power-time
According to Figure 5.9, the maximum voltage around the resistor is 4.9 V, corresponding to
the peak power of 0.7 W. Also, the peak values of voltage and power over the loading periods
(the first and the third peaks) are 4 V and 0.43 W, respectively. Over the one cycle of loading

and unloading, the average voltage is 2.11 V, and the average power is 0.19 W.

5.2.1.3 Loading Spped of 13 mm/s and Displacement Of 10 mm

Force time diagram of two cycles of loading and unloading is presented in Figure 5.10.
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Figure 5.10: Force-time diagram of the harvester under 13 mm/s and Displacement Of 10 mm- 25.2 N

spring stiffness
The applied force on the system begins to raise when the loading starts and within 0.7 seconds

reaches a peak of 1.37 KN. After a short pause, the unloading starts and the force reaches almost
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zero again around the time 1.5 seconds. The following cycles also follow a similar pattern with

identical peaks and durations.

Figure 5.11 shows the rectified voltage-time diagram of the system under the current loading

condition.
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Figure 5.11: Voltage- time of the harvester under loading speed of 13 mm/s and displacement of 10
mm- Spring stiffness 25.2 N/mm

The diagram consists of 4 loading (the first and the third) and unloading (the second and the
fourth) peaks over 3 seconds. The loading voltages are higher than the unloading voltages,
which is related to the fact that the spring was the least compressed in this scenario which affects
the recovery speed, generating a lower angular speed in the crank as coming back to the original
state. As the loading starts, the voltage rises to a maximum of 4.7 V, followed by a drop as the
loading ends. Once the unloading starts, the voltage rises again, forming the unloading half-

cycle, with the peak value of 2 V.

Based on the motion analysis, the maximum angular speed of the crank in this scenario is 0.225
rps, which means that the maximum angular speed of the generator is 22.5 rps. The theoretical
maximum voltage output is 20.44 V, considering the generator's electrical constant and the

effect of the rectifier. The peak experimental voltage is 4.7 V, 23% of the theoretical value.
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This percentage indicates the system's efficiency and is caused by the energy dissipation in the

components of the system in this testing scenario.

The outputs of the power harvesting circuit are plotted in Figure 5.12,
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Figure 5.12:System's response under 13 mm/s and 10 mm displacement- spring stiffness 25.2 N/mm.
a) Voltage-time around the 35.5 ohms, b) Power-time
According to the voltage-time diagram, the maximum voltage around the resistor equals 3.5
V, which also corresponds to the peak power of 0.35 W. The maximum voltage and power
during unloading are also equal to 1.5 V, and 0.06 W. Furthermore, the average voltage and

power in one cycle of loading and unloading are 0.76 V and 0.038 W.

125



5.2.1.4 Loading Speed of 14.67 mm/s and Displacement Of 25 mm

The load time diagram of the harvester under this loading scenario is plotted in Figure 5.13.
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Figure 5.13: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 25 mm- 25.2

N spring stiffness
Force values increase as the loading starts and reach a maximum of about 3.1 KN at 1.5 s.
afterwards, as the unloading starts, the forces decrease until the system recovers and force
returns to almost zero at 3.15 s. The remaining loading and unloading cycles also occur with

the same trend.

Rectified voltage-time diagram of the harvester under this loading scenario is plotted in Figure
5.14. As the loading starts, the voltage gradually increases and reaches a maximum of almost
5.3 V at 0.81s. Once the unloading starts, the system quickly recovers back, and a sharp half-

cycle is generated with a maximum of 8.4 V.
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Figure 5.14: Voltage- time of the harvester under loading speed of 14.67 mm/s and displacement of 25

mm- Spring stiffness 25.2 N/mm
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According to the motion analysis, the maximum angular speed of the generator in this loading
scenario equals 20.6 rps. Hence, the theoretical maximum voltage is 18.71 V. The experimental
peak voltage is around 8.4 V, which is 45% of the theoretical value, denoting the system's
efficiency, caused by the efficiency of the components and loss of energy during the

performance.

Figure 5.15 shows the voltage and the power outputs of the power harvesting circuit.
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Figure 5.15: System's response under 14.67 mm/s and 25 mm displacement- spring stiffness 25.2

N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time
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According to the diagrams, the maximum harvested voltage around the resistor of 35.5 ohms is
about 6 V, corresponding to the maximum power of 1.01 W. The average voltage and the power

in one loading and unloading cycle are 1.94 V and 0.178 W, respectively.

In the previous section, the response of the harvester unit was evaluated under various loading
scenarios. As shown previously through analyses, both loading speed and displacement affect
the electrical output of the harvester. Hence, these factors were studied experimentally through
different testing scenarios on the harvester using the spring set of 25.2 N/mm, and the results

were presented in separate sections.

In the following sections, the experimental results obtained from the harvester with the spring

set of 29.77 N/mm (S2) are discussed.

5.2.2 Results of Spring Set of 29.77 N/mm

This section discusses the results of the harvester assembled with the spring set of S2, 29.77
N/mm stiffness. Similar to the previous section, first, the results of the optimal external resistor

are presented, followed by the responses of the system, under different mechanical conditions.

Different resistors ranging from 8.5 to 270 ohms were connected to the output of the rectifier,
and the voltage around them was measured under a constant mechanical loading scenario to
measure the optimal external resistor. Following Ohm’s law, the power is calculated and finally,
the optimal resistor is found by plotting the average power against the external resistors. Figure

5.16 shows the voltage-time around the resistor of 8, 100, 180 and 270 ohms.
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Figure 5.16: Voltage-time diagrams of the harvester with the spring set of 29.77 N/mm?, the voltage
around the resistors of a) 8 ohms, b) 100 ohms, ¢) 180 ohms and d) 270 ohms

As it can be seen, the voltage output increases by the increase in the resistor and eventually
stabilizes. Figure 5.17 shows the power resistance diagram of the harvester with springs set of
29.77 N/mm stiffness under the constant mechanical testing scenario of 18 mm displacement

and 13 mm/s loading speed. The power is the average power recorded from the two pairs of the

output of the generator.
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Figure 5.17: Power-resistance diagram- 29.77 N/mm spring stiffness

It is observed that the power optimizing resistor, according to Figure 5.17, is equal to 35.5

ohms, which is equal to the resistor obtained from the harvester with the spring sets of 25.2

N/mm and 19.12 N/mm.

The mechanical and electrical performance of the harvester with the spring set of 29.77 N/mm
is detailed in the following sections, discussing 4 of the loading scenarios. The remaining results

are available in the Appendix.
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5.2.2.1 Loading Speed of 3.34 mm/s and Displacement Of 16 mm

The force-time diagram of the crank-based harvester under this loading scenario is plotted in
Figure 5.18. as the loading starts, the force values increase gradually, until they maximize
around 2.47 KN at the time of 5.1s. Afterwards, as the unloading starts, the force decreases, and

over and over 5 seconds, it reaches zero.
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Figure 5.18: Force-time diagram of the harvester under 3.34 mm/s and Displacement Of 16 mm- 29.77
N/mm spring stiffness
Figure 5.19 shows the rectified voltage-time diagram logged directly from the rectifier under

the testing scenario of 16 mm displacement and 3.34 mm/s loading speed. As shown, the

loading and unloading half-cycles have similar trends and almost the same peak voltage.
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Figure 5.19: Voltage- time of the harvester under loading speed of 3.34 mm/s and displacement of 16

mm- Spring stiffness 29.77 N/mm
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When the loading starts and the generator starts spinning, the voltage gradually increases and
maximizes at 3.65 volts. The voltage generation continues for about 4.2 seconds, and as the
loading stops, there is a sharp decrease in the voltage, reaching 0 within 5 seconds. However,
as the unloading starts, voltage is generated again, the unloading half cycle is formed with a

maximum of 3.4. Similar loading and unloading trends are also repeated in the rest of the cycles.

Based on the motion analysis, the theoretical maximum angular speed of the generator is equal
to 5 rps, which is capable of generating a maximum theoretical voltage of 4.8 V, considering
the effect of the rectifier and the electrical constant of the generator. The maximum
experimental voltage (3.65 V) is 76% of the theoretical value, indicating the system's efficiency
under this testing scenario. The energy dissipation is due to the friction between the mechanical

components, the efficiency of the gearbox and generator.

Voltage and power-time diagrams logged from the harvester circuit are plotted in Figure 5.20.
It can be observed that the voltage around the resistance is lower than the raw voltage around
the rectifier. During the loading, the voltage increases and has a maximum of 2.7 V and then
gradually decreases to zero over around 5 seconds. As there is a short pause, the voltage will
be equal to zero, and once the unloading starts, the voltage again increases and reaches a

maximum of 2.5 V, followed by a drop to zero as the system recovers to its original state.
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Figure 5.20: System's response under 3.34 mm/s and 16 mm displacement- Spring stiffness 29.77
N/mm a) Voltage-time around the 35.5 ohms, b) Power-time
Moreover, according to the data, the average voltage around the resistor and the average power

in one loading and unloading cycle is 1.085 V and 0.043 W.

5.2.2.2 Loading Speed of 9 mm/s and Displacement Of 25 mm

In this section, the outputs of the harvester under the loading scenario of 25 mm displacement
and 9 mm/s loading speed are discussed. Figure 5.21 shows the force-time response of the
harvester. The force values increase as the loading starts, and after a peak value of 3.3 KN at
2.61 s, the unloading process starts, in which the compressed system is fully recovered over

2.54 seconds. The following cycles of loading and unloading keep the same pattern.
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Figure 5.21: Force-time diagram of the harvester under 9 mm/s and displacement of 25 mm- Spring

stiffness 29.77 N/mm
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Figure 5.22 illustrates the rectified voltage-time diagram of the harvester under the current
loading scenario. It shows that the voltage increases as the loading start, and after a peak of 7.25
V, as the loading approaches an end, the voltage drops to zero. As the unloading starts, another

voltage curve is formed, with a peak of 7.4 V.
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Figure 5.22: Voltage-time of the harvester under 25 mm of displacement and the speed of 9 mm/s-

Spring stiffness 29.77 N/mm

Moreover, according to the motion analysis, the maximum angular speed of the generator in
this loading scenario is 12.8 rps, which considering the electrical constant of the generator and
the rectifier’s effect, can generate a maximum theoretical voltage of 11.63 V. By comparison,
the experimental peak voltage (7.4 V) is 64% of the theoretical value, which is caused by the

loss of energy in the system and indicates the efficiency under this loading scenario.

Figure 5.23 shows the voltage and power output of the power harvesting circuit. Following a
similar trend to Figure 5.22, the voltage-time diagram around the external resistor has slightly
lower voltage peak values in loading and unloading, equal to 5.5 V and 5.6 V, respectively,
corresponding to the peak power of 0.89 W. Moreover, the average voltage and power of the

circuit over one loading and unloading cycle are 2.78 V and 0.29 W,
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Figure 5.23: System's response under 9 mm/s and 25 mm displacement- Spring stiffness 29.77 N/mm
a) Voltage-time around the 35.5 ohms, b) Power-time
5.2.2.3 Loading Speed of 13 mm/s and Displacement Of 10 mm
Force time diagram of the harvester under the loading scenario of 13 mm/s loading speed and
10mm displacement is plotted and shown in Figure 5.24.
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Figure 5.24: Force-time diagram of the harvester under 13 mm/s and Displacement Of 10 mm- Spring

stiffness 29.77 N/mm
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Accordingly, as the loading starts, the force increases and after 1.8 s, it reaches a peak of 1.85
KN at about 0.96 s, followed by the unloading period of about 0.76s, in which the harvester
recovers to the original state. The rest of the loading and unloading cycles also repeat with a

similar trend.

The voltage-time diagram of the harvester under the current loading scenario and logged from

the rectifier is plotted in Figure 5.25.
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Figure 5.25: Voltage-time of the harvester under 10 mm of displacement and the speed of 13 mm/s-

[ERN

Spring stiffness 29.77 N/mm
In the diagram, once the loading starts, the voltage increases with a sharp peak of 7.6 V at 0.26
s, followed by a drop, as the loading finishes and the generator stops spinning. This pause is
followed by another peak over the unloading, which takes a slightly longer process (0.92s as

opposed to 0.62s) and has a lower peak of 5.1 V.

According to the motion analysis, the peak angular speed of the generator in this loading
scenario is 22.5 rps, which is capable of generating 20.44 V, considering the electrical constant
of the generator and the rectifier. Comparing the experimental and the theoretical values, the
experimental peak voltage (7.6 V) is 37% of the theoretical value, which is caused by the energy
dissipation in the mechanical components of the system under the current mechanical

conditions.
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Figure 5.26 shows the voltage and the power response of the energy harvesting circuit.
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Figure 5.26: System's response under 13 mm/s and 10 mm displacement - Spring stiffness 29.77

N/mm a) Voltage-time around the 35.5 ohms, b) Power-time

According to Figure 5.26a, the voltage diagram follows the same trend as the rectified voltage-
time diagram, plotted in Figure 5.25, and only the peak voltage values are lower, i.e., 5.8 V, vs
7.6 V. The peak values of the voltage in loading and unloading correspond to the peak values
of the power, 0.95 W and 0.43 W, respectively. The average values of the voltage and power

for one cycle of loading and unloading are 1.73 V and 0.16W, respectively.

5.2.2.4 Loading Speed of 14.67 mm/s and Displacement Of 25 mm
Figure 5.27 shows the force-time diagram of the harvester under the testing scenario of 14.67

mm/s loading speed and 25 mm displacement. According to the diagram, the peak force occurs
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at the ultimate stage of the loading and is equal to 3.8 KN occurring at the time of 1.71 s in the
first cycle, followed by the unloading process in which the system recovers over 1.6 seconds.

The following cycles also repeat in a similar trend.
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Figure 5.27: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 25 mm-
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Spring stiffness 29.77 N/mm
Figure 5.28 plots the voltage-time diagram of two cycles of loading and unloading of the

harvester directly recorded from the rectifier.
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Figure 5.28: Voltage- time of the harvester under loading speed of 14.67 mm/s and displacement of 25

mJ

mm- Spring stiffness 29.77 N/mm
According to the illustration, the voltage increases as the loading starts and peaks at 6.87 V

during the loading process. However, once the loading is finished, the unloading is started with
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a sharp increase in the voltage as the harvester bounces back to its original state. Hence, the

unloading peak is higher than the loading and is equal to 10 V.

According to the motion analysis, the maximum angular speed of the generator in this testing
scenario is 20.6 rps, capable of generating a maximum theoretical voltage of 18.71V. By
comparison, the maximum experimental voltages during the loading and unloading are 37%
and 53% of the theoretical value, respectively. Thus, on average, the experimental output is
45% of the theoretical peak voltage, indicating the system's average efficiency in this loading

scenario.

Figure 5.29 shows the voltage and power outputs of the energy harvesting circuit. According to
Figure 5.29a, the voltage around the resistor has the same pattern as the rectified voltage

diagram, with lower peak values of 5.5 V and 7.6 V in loading and unloading, respectively.
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Figure 5.29: System's response under 14.67 mm/s and 25 mm displacement- spring stiffness 29.77
N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time

These peak voltages also correspond to the power peaks of 0.85 W, and 1.6 W. Furthermore,
the average voltage and power of the system over one cycle of loading and unloading are 3.4 V

and 0.433 W, respectively.

In the previous sections, the mechanical and electrical results of the harvester assembled with
the spring set of 29.77 N/mm (S2) was discussed. Similar to the previous parts, the responses
were evaluated under various mechanical testing scenarios, with the loading speed and
displacement as the variables. It is worth noting that the loading scenarios are decided so to
represent the real application conditions, where passing vehicles with different curb weights
apply forces (displacements) with various speeds. As observed, the output voltage, power, and

efficiency of the system depend on the scenario.

In order to study the harvester’s responses, another set of springs with higher stiffness (37.88

N/mm) were assembled in the harvester. The results are presented in the following section.

5.2.3 Results of Spring Set of 37.88 N/mm

To investigate the harvester’s response with the spring set of 37.88 N/mm, first, the optimizing
external resistor is measured by installing various resistors in the power harvesting circuit and
measuring the voltage around the resistor, while the harvester is under a constant mechanical
loading scenario of 18 mm displacement and 13 mm/s loading speed. Figure 5.30 shows the

voltage-time diagrams around two different resistors.
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Figure 5.30: Voltage-time diagrams of the harvester with the spring set of 38.77 N/mm, around the
resistors of a) 8 ohms, b) 270 ohms

Similar to the previous corresponding cases, the output voltage and power are dependants on
the external resistor. Figure 5.31 shows the output power of the harvester against the various
external resistors. The power values are the average of one loading and unloading cycle. As it
is shown, the optimizing resistor of the harvester circuit in this testing scenario is also 35.5

ohms.
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Figure 5.31: Power-resistance diagram- 37.88 N/mm spring stiffness

The mechanical performance of the harvester is detailed in the following sections.

5.2.3.1 Loading Speed of 3.34 mm/s and Displacement Of 16 mm
The force-time diagram of the harvester under this mechanical condition is plotted in Figure
5.32. Two cycles of loading and unloading are applied over 20 seconds. The ultimate force

applied on the harvester in this scenario is 2.9 KN.
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Figure 5.32: Force-time diagram of the harvester under 3.34 mm/s and Displacement Of 16 mm- 37.88
N/mm spring stiffness

Figure 5.33 shows the voltage-time diagram of the harvester logged directly from the rectifier.
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Figure 5.33: Voltage- time of the harvester under loading speed of 3.34 mm/s and displacement of 16
mm- Spring stiffness 37.88 N/mm

As illustrated, the maximum voltages during the loading and unloading are 2.7 V and 4.4 V.

Due to the high stiffness of the harvester, as the unloading starts, the system quickly bounces

back to the original state, generating sharp peaks of voltage.

The maximum theoretical output voltage in this testing scenario is 4.8 V. The average maximum
voltage from the experiments (in loading and unloading) is 3.55 V, which is 74% of the

theoretical estimation, indicating the system's generation efficiency in this loading scenario.

Figure 5.34 shows the power time diagram of the system, recorded from the power harvesting

circuit with an external resistor of 35.5 ohms, which is the optimizing resistor.
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Figure 5.34: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the

loading scenario of 3.34 mm/s loading speed and 16 mm displacement

As shown, the maximum harvested power during the loading and unloading is 0.125 W and
0.31 W, which correspond to the maximum voltage values of 2.1 V and 3.3 V, respectively.

The average power of one cycle of loading and unloading is 0.044 W.

5.2.3.2 Loading Speed of 9 mm/s and Displacement Of 25 mm
Force time diagram of the two loading and unloading cycles in this scenario are plotted in Figure
5.35. It can be seen that both cycles are similar in their durations and their peak force values,

which is equal to 4.38 KN at the ultimate point of loading.
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Figure 5.35: Force-time diagram of the harvester under 9 mm/s and Displacement Of 25 mm- 37.88
N/mm spring stiffness

Figure 5.36 is the voltage-time diagram recorded directly from the rectifier. The maximum

voltages of loading and unloading are 7.5 V and 8.6 V, respectively. Moreover, the theoretical
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peak voltage of this loading scenario (from the motion analysis) is 11.63 V. The average
experimental voltage is equal to 8.05V, which is 69% of the theoretical value, indicating the

efficiency of the harvester under the current loading scenario.
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Figure 5.36: Voltage- time of the harvester under loading speed of 9 mm/s and displacement of 25
mm- Spring stiffness 37.88 N/mm

The power time diagram of the harvester under the current mechanical loads is plotted in Figure
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Figure 5.37: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the

5.37.
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loading scenario of 9 mm/s loading speed and 25 mm displacement

According to the diagram, the peak powers in loading and unloading are 0.85 W and 1.15 W,
corresponding to the peak voltages of 5.6 V and 6.4 V, respectively. The average power of one

cycle of loading and unloading in this loading scenario is 0.45 W.
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5.2.3.3 Loading Speed of 13 mm/s and Displacement Of 10 mm
The force-time diagram of the harvester under the mechanical load of 10 mm displacement
applied at the loading speed of 13 mm/s is plotted in Figure 5.38. As it can be seen, the two

cycles of loading and unloading have identical features of duration and the peak force value of

2.15 KN.
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Figure 5.38: Force-time diagram of the harvester under 13 mm/s and Displacement Of 10 mm- 37.88
N/mm spring stiffness
Figure 5.39 shows the voltage-time data of the harvester under this loading scenario, directly

logged from the rectifier.
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Figure 5.39: Voltage- time of the harvester under loading speed of 13 mm/s and displacement of 10
mm- Spring stiffness 37.88 N/mm

The maximum voltages of loading and unloading are 5.8 VV and 8 V. The maximum theoretical

voltage, estimated from the motion analysis in this loading scenario, is 20.44 V, generated by
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the angular speed of 22.5 rps. The average experimental output voltage is 6.9 V, which is 34%,

which implies the system's generation efficiency at this mechanical condition.

The power time diagram of the harvester is plotted in Figure 5.40.
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Figure 5.40: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the
loading scenario of 13 mm/s loading speed and 10 mm displacement

The power values maximise at around 0.5 W and 1 W during the loading and unloading periods,

equivalent to the peak voltage values of 4.3 V and 6 V, respectively. Moreover, the average

power of one loading and unloading cycle is 0.3 W.

5.2.3.4 Loading Speed of 14.67 mm/s and Displacement Of 25 mm
The force-time output of the harvester assembled with the spring set of 37.88 N/mm is
illustrated in Figure 5.41. The plotted two cycles are similar in shape, with equal durations and

peak values. The maximum force applied in this scenario is 4.23 KN.

145



»
(o]
)

38 -
2238 -
Q
o
£18 A
L
08 -
_0.2 . T T I T T I
0 1 2 3 4 5 6

Time (S)

Figure 5.41: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 25 mm-
37.88 N/mm spring stiffness
Figure 5.42 shows the rectified voltage-time diagram of the harvester tested using the current
setup. It can be seen that the loading and unloading curves have the same period and a similar

peak voltage of around 11.3 V.
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Figure 5.42: Voltage- time of the harvester under loading speed of 14.67 mm/s and displacement of 25
mm- Spring stiffness 37.88 N/mm

Theoretically, it can be estimated that the attainable peak voltage from the harvester under the

current testing scenario is 18.7 V, corresponding to the generator’s maximum angular speed of

20.6 rps. The experimental peak value (11.3 V) is 60% of the theoretical value, referring to the

efficiency of this system under the current loading condition.

Two cycles of power time output of the harvester under this scenario are plotted in Figure 5.43.
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Figure 5.43: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the
loading scenario of 14.67 mm/s loading speed and 25 mm displacement

It can be seen that in this loading setup, pulses of power reach a maximum of 2.2 W,
corresponding to the peak voltage of 8.84 V. Moreover, the average output power of the system

during one cycle of loading and unloading is 0.94 W.

In the previous sections, the responses of the crank-based road energy harvester incorporating
the spring set with the stiffness of 37.88 N/mm are discussed in separate parts for 9 different
testing scenarios. As a brief comparison to the previous results from the spring sets with lower
stiffness, the average efficiency of the system is higher as the stiffness of the springs increase.
Hence, to have a broader investigation, another set of springs with higher stiffness is used to
assemble the harvester, which was then tested in various mechanical conditions. The results are

presented in the following sections.
5.2.4 Results of Spring Set of 43.54 N/mm

This section presents the results of the experiments on the harvester with the spring set of 43.54
N/mm stiffness. The harvester is tested in the same scenarios as the rest of the experimental
plans. First, the optimal external resistor is measured using various resistors installed in the
power harvesting circuit. Afterwards, using the optimal resistor, the electrical and mechanical
output of the harvester is calculated under different mechanical loads. In the following sections,

the results of the optimal resistor and 4 testing scenarios are presented.
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Figure 5.44 is the voltage-time diagram around two external resistors tested under 18 mm of
displacement and 13 mm/s loading speed. It is observed that the voltage around the resistor

(hence the power) depends on the resistance.
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Figure 5.44: Voltage-time diagrams of the harvester with the spring set of 43.54 N/mm, around the
resistors of a) 8 ohms, b) 270 ohms
Figure 5.45 shows the average power-resistance diagram for various resistors under a constant
mechanical condition. The average was calculated from one cycle of loading and unloading.
Similar to the previous sections, the average power maximizes when the resistor of 35.5 ohms
is installed in the circuit. Therefore, this resistor is the optimizing one and is employed for the

mechanical and electrical evaluation of the system.
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Figure 5.45: Power-resistance diagram- 43.54 N/mm spring stiffness
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5.2.4.1 Loading Speed of 3.34 mm/s and Displacement Of 16 mm
The Force time diagram of the harvester with the spring set of 43.54 N/mm is illustrated in

Figure 5.46.
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Figure 5.46: Force-time diagram of the harvester under 3.36 mm/s and Displacement Of 16 mm- 43.54

= T ~

N/mm spring stiffness

According to the diagram, the two cycles occur in equal durations of around 10 seconds, with

the same peak force value of 3.12 KN.

Figure 5.47 shows the rectified voltage-time diagram of the harvester, logged directly from the
rectifier. According to the diagram, the peak voltages of the harvester in loading and unloading
are 3.2 and 4 V, respectively. The difference is caused by the slow loading period, followed by

a sharp recovery of the system in unloading.

The maximum achievable theoretical voltage from the harvester in this mechanical loading is
4.8 V. The average peak voltage from the experiment is 3.6 V, equal to 75% of the theoretical

estimation, which refers to the efficiency of the system under these applied loads.
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Figure 5.47: Voltage- time of the harvester under loading speed of 3.34 mm/s and displacement of 16

mm- Spring stiffness 43.54 N/mm
Figure 5.48 shows the power time results recorded from the power harvesting diagram, with

the resistor of 35.5 ohms (the optimizing resistance).
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Figure 5.48: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm, under the
loading scenario of 3.34 mm/s loading speed and 16 mm displacement

According to the diagram, the loading and unloading power pulses have different peak values
of 0.16 W and 0.26 W, corresponding to 2.4 V and 3 V, respectively. The average power of one

cycle of loading and unloading under this mechanical loading is 0.035 W.

5.2.4.2 Loading Speed of 9 mm/s and Displacement Of 25 mm
The force-time diagram of the harvester is plotted in Figure 5.49. The cycles have equal

durations of loading and unloading and equal peak forces of 5 seconds and 4.6 KN, respectively.
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Figure 5.49: Force-time diagram of the harvester under 9 mm/s and Displacement Of 25 mm- 43.54
N/mm spring stiffness
Figure 5.50 shows the voltage-time diagram of the harvester at this testing set up, logged
directly from the rectifier. It can be seen that the loading and unloading maximum voltages and
the durations are close to each other, almost equal to 8 V and 2.5 seconds, respectively. In
theory, in this testing scenario, the harvester is capable of generating a maximum voltage of
11.63 V. Comparing these two voltages, the experimental peak voltage is 69% of the theoretical

estimation, which refers to the efficiency of the system under this loading set-up.
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Figure 5.50: Voltage- time of the harvester under loading speed of 9 mm/s and displacement of 25
mm- Spring stiffness 43.54 N/mm
Figure 5.51 is the power output of the system, logged from the power harvesting circuit. It can
be observed that the maximum power pulse is around 1 W and is almost equal in loading and

unloading curves. Moreover, the average power output in this testing scenario is 0.46 W.
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Figure 5.51: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm, under the
loading scenario of 9 mm/s loading speed and 25 mm displacement
5.2.4.3 Loading Speed of 13 mm/s and Displacement Of 10 mm

The force-time diagram of the harvester under the testing scenario of 13 mm/s loading speed

and 10 mm displacement is plotted in Figure 5.52.
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Figure 5.52: Force-time diagram of the harvester under 13 mm/s and Displacement Of 10 mm- 43.54

N/mm spring stiffness

Two cycles are consistent, taking place over an equal time duration of around 1.54 seconds, and

have a peak force of 2.26 KN.

Figure 5.53 shows the voltage-time diagram of the harvester, logged directly from the rectifier.
It can be seen that the peak voltages of loading and unloading are slightly different, equal to 8.2

V and 5.56 V, respectively. Hence, the average maximum voltage is 7.19 V.

152



Voltage (V)
o [ N w H (02 [e)] ~ o] [(e)

0 0.5 1 1.5 2 2.5 3
Time (S)

Figure 5.53: Voltage- time of the harvester under loading speed of 13 mm/s and displacement of 10
mm- Spring stiffness 43.54 N/mm
However, the theoretical maximum voltage estimated from the motion analysis is 20.44 V in
this loading scenario. The obtained experimental voltage is 35% of the theoretical peak voltage,

which indicates the efficiency of the harvester under this loading scenario.

Figure 5.54 is the power time diagram of the system, logged from the power harvesting circuit.
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Figure 5.54: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm, under the
loading scenario of 13 mm/s loading speed and 10 mm displacement

The maximum power values reach 1.12 W and 0.5 W in loading and unloading, equivalent to
the peak voltages of 6.2 and 4.3 V, respectively. Moreover, the average voltage of one loading

and unloading cycle at the current testing scenario is 0.23 W.
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5.2.4.4 Loading Speed of 14.67 mm/s and Displacement of 25 mm

The force-time diagram of the harvester under the testing scenario of 25 mm displacement and
14.67 mm/s loading speed is plotted in Figure 5.55. The diagram shows two cycles of loading
and unloading that have an equal duration of 3.15 seconds and equal peak force magnitudes of

4.44 KN.
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Figure 5.55: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 25 mm-

43.54 N/mm spring stiffness

The voltage-time diagram of the harvester under this testing scenario logged directly from the
rectifier is plotted in Figure 5.56. The diagram shows that the peak voltages obtained from
loading and unloading are the same and equal to 10.3 V. According to motion analysis, the
theoretical voltage achieved from this scenario can have a maximum of 18.71 V. Comparing

these two voltages, the maximum experimental voltage is 55% of the theoretical value,

indicating the harvester’s efficiency under this mechanical loads.
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Figure 5.56: Voltage- time of the harvester under loading speed of 14.67 mm/s and displacement of 25
mm- Spring stiffness 43.54 N/mm

Figure 5.57 is the power time diagram of the harvester under the current testing scenario. The

power pulses reach a maximum value of 1.7 W, corresponding to the peak voltage of 7.6 V.

Moreover, the average power of one loading and unloading is 0.76 W.
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Figure 5.57: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm, under the
loading scenario of 14.67 mm/s loading speed and 25 mm displacement

Previously, the mechanical and electrical output of the crank-based harvester under different

loading scenarios of the combination of loading speed and displacement were presented.
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In the following section, the mechanical and electrical results of maximum force, the average
output power, the peak power, and the system’s efficiency obtained from different spring sets

and scenarios are compared with each other.
5.3 Comparison of the Mechanical and Electrical Results

In the following parts, comparisons are made on the different results achieved from the

harvester with different springs.
5.3.1 Maximum Applied Load

The maximum applied load is an essential function in this study, as it indicates the harvester's
performance in terms of the mechanical loads applied on it. Since the harvester is designed
within the concept of speed bumps, or road rumbles, the mechanical loads are directly a function
of the type and speed of the passing cars. Therefore, to understand the behaviour of the harvester
in the real application, this parameter has to be discussed. Figure 5.58 shows the contour
diagrams of maximum load applied on the top plate of the harvester, in terms of the loading

speed and displacement, for different sets of springs.

Peak Force (KN) Peak Force
24 230 22 4
2w
204 20 4
- won s
E L ) g L
€
: .
Ly 8
12 4
T
1000 10
€ 8 10 2 14 4 L L] 10 12 1"
Loading speed (mmy/s) Loading speed (mm/s)

156



PeaX Force (KN)
1%

Peak Force (KN)
320

aomt
arm

B

241

At

2857

295

3 5 8 0 2 14
Loading speed (mm/s)

& L} 10 ”
Loading speed (mm/s)

6 L] "0 12 1"

Loading speed (mm/s)

e
Figure 5.58: Contour diagram of the peak force applied on the harvester with the spring set of a) 19.12

N/mm, b) 25.2 N/mm, c) 29.8 N/mm, d) 37.88 N/mm and e) 43.54 N/mm
It is observed that by increasing the spring stiffness, the maximum applied force also increases.
The highest applied force is equal to 4.6 KN, which is applied on the harvester with the spring
set of 43.54 N/mm stiffness when the maximum displacement is equal to 25 mm. The lowest
applied load is 1 KN, applied on the harvester with the spring set of 19.12 N/mm when the
maximum displacement is 10 mm. In all cases, comparing the two independent variables, the
factor of displacement magnitude affects the response (peak force) stronger than the loading
speed. It is observed that in all the diagrams, in a constant displacement, increasing the loading
speed has a minimal effect on the peak force magnitude, while in a constant speed, increasing

the displacement increases the peak force significantly.
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As the peak applied force ranges between 1 KN to 4.6 KN, depending on the utilised spring
stiffness, it can be concluded that this harvester is compatible with various types of urban
vehicles having different curb weights. Table 5.3 summarises the average weight of a few urban
cars. It is worth noting that this harvester has compact dimensions and is designed such that the
vehicle's load is applied by one tyre at a time. The load on the harvester is calculated assuming
all the forces from the wheel's weight share is applied on the harvester's cap. Hence the applied
load is caused by one-fourth of the car's weight in each passing incident. According to Table
5.3, each vehicle's loads applied on the harvester are in the range of the peak forces applied in
the experiments. However, from the employed spring stiffnesses, 38.77 N/mm and 43.54 N/mm
are more suitable for these cars. The rest of the springs are more suitable for lighter types of
vehicles, such as motorbikes. In other words, the harvester can be tailormade, depending on the

average weight of the vehicle passing from the lane in which the harvester is installed.

Table 5.3: Average mass of some regular cars and their corresponding load applied on the harvester

[140]
Vehicle Average mass (Kg) Load on the harvester (KN)
Suzuki Motor Corporation 1000 2.45
Automobile Dacia SA 1150 2.82
Renault SAS 1350 3.31
Volkswagen AG 1450 3.6
Audi AG 1550 3.8

5.3.2 Average Output Power

Another set of results worth comparing is the average electrical power obtained from each
testing scenario and set of springs. Average power indicates the system's electrical performance,
under loading and unloading cyclic loads applied by passing cars, giving an understanding of
how much electrical power can be expected on average from this harvester. In addition, as the
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maximum power and voltage are affected by both loading speed and displacement, taking an

average of the output is helpful to understand the overall performance of the harvester.

Figure 5.59 shows the contour diagram of the average power obtained from each testing
scenario for different spring stiffnesses. In these diagrams, the average power from each
scenario is the total output of the generator from its two pairs of outputs. Hence, the values are

double the average power values presented in the previous sections.
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Figure 5.59: Contour diagram of the average power achieved from the harvester with the spring set of

a) 19.12 N/mm, b) 25.2 N/mm, c) 29.8 N/mm, d) 37.88 N/mm and e) 43.54 N/mm
According to the contour diagrams, the average power maximises when the loading speed and
displacement are maximum or close to maximum. Moreover, to compare the maximum voltages

obtained from each spring stiffness, Figure 5.60 is plotted.
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Figure 5.60: Peak average power achieved from each spring stiffness
It can be seen that the average power obtained from the harvester increases by increasing the
spring stiffness. Among the tested springs, the peak average power recorded from the spring
sets of 37.88 N/mm and 43.54 N/mm are higher than the values obtained from the spring sets
of 19.12, 25.88 and 29.77 N/mm. The observations are in agreement with the previous findings

[16], [21], [67], [68], [136].
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5.3.3 Maximum Output Power

Maximum output power is obtained from the highest pulse of voltage around the external
resistor, and unlike the average power, it does not depend on the output of both unloading and
unloading. Nevertheless, it is essential to study, as it indicates the highest potential of the
harvester in each case and shows in which scenario the maximum voltage and power have
occurred. Figure 5.61 shows the contour diagram of the maximum power in terms of loading

speed, displacement, and different spring stiffnesses.
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Figure 5.61: Contour diagram of the maximum power achieved from the harvester with the spring set

of a) 19.12 N/mm, b) 25.2 N/mm, c) 29.8 N/mm, d) 37.88 N/mm, and e) 43.54 N/mm
In all cases, the maximum power is the highest when the loading speed is maximum and the
displacement is above average (16 mm). The highest output power among all the scenarios and
spring stiffness equals 4.36 W achieved when the harvester has the springs with the stiffness of
38.77 N/mm, the loading speed is 14.67 (maximum), and the displacement is 25 mm

(maximum).

Figure 5.62 is plotted to show the maximum output powers achieved from each set of spring
stiffness. It can be seen that the spring sets of 43.54 and 37.88 N/mm have given the highest

peak power values among all the tested spring sets.
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Figure 5.62: Maximum power achieved from each spring stiffness

These observations are also consistent with the previous findings of [16], [21], [68], [141].
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5.3.4 Generation Efficiency of The Harvester

The generation efficiency of the harvester (also referred to as “efficiency”) is defined as a

comparison of the theoretical and experimental voltage output. First, the theoretical maximum

voltage is calculated and compared to the maximum experimental voltage obtained at each

condition. Then, the percentage of the experimental output respecting the theoretical peak is

calculated and indicated as the generation’s efficiency. It is essential to study this variable to

understand how much energy is dissipated in the mechanism and in which scenario the loss is

significant. Furthermore, as observed before, the generation’s efficiency also depends on the

testing scenario. Hence, contour diagrams of efficiency are plotted in Figure 5.63 regarding the

loading speed and displacement for each spring stiffness.
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Figure 5.63: Contour diagram of the efficiency of the harvester with the spring set of a) 19.12 N/mm,

b) 25.2 N/mm, c) 29.8 N/mm, d) 37.88 N/mm, and e) 43.54 N/mm
According to Figure 5.63, regardless of the spring stiffness, the efficiency maximizes when the
loading speed is low (around 5 to 8 mm/s). On the other hand, the efficiency is minimum when
the loading speed is maximum and the displacement is minimum. The efficiency varies between
40 to 70% in the middle scenarios, depending on the harvester’s spring stiffness. It is worth
noting that by increasing the stiffness, the efficiency of the harvester in each scenario increases.
Hence, the spring stiffnesses suitable for urban roads under the regular passenger cars (37.88
N/mm and 43.54 N/mm) are more efficient than those with lower spring stiffness. Figure 5.64

shows the column chart of the maximum efficiency achieved for each stiffness.
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Figure 5.64: Maximum efficiency achieved from each spring stiffness
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Since the patterns are the same, another contour diagram is plotted in Figure 5.65, showing the

average efficiency of all the harvester’s stiffnesses for each testing scenario.
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Figure 5.65: Average efficiency obtained from each scenario

According to Figure 5.65, the average efficiency of the harvester at high loading speeds and
displacements is around 51.30%. It can be reasoned that when the harvester is in a real
application, with the loads are applied from the vehicles passing at various speeds, the energy
generation efficiency of the harvester is around 51.3%. A similar observation was made in a

previous study [141].
5.3.5 Applications of the Crank-Based Road Harvester

As discussed, this harvester is designed as a road rumble or smooth speed bump to generate
sustainable energy for low-power devices of smart cities, such as the sensors and loT. Having
a maximum displacement of 25 mm fulfils this target. In addition, the load-bearing capacity of
this harvester can be altered by changing the stiffness of the supporting springs and adjusting
the maximum force applied by the vehicles in a travel lane. Hence, the installation location of

this harvester is versatile, from biking lanes to highways.
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Figure 5.66 illustrates the harvester illuminating two LED bulbs upon loading and unloading.
The loading condition for this illustration is 18 mm displacement, 14.67 mm/s loading speed,
and the spring stiffness is 25.77 N/mm. The LED bulbs have a power rating of 2 W and a
voltage rating of 12 V. This illustration shows the competence of the harvester to fulfil the

targets of the study.

Figure 5.66: Light bulb illumination- 18 mm displacement and 14.67 mm/s loading speed- spring

stiffness 25.2 N/mm

In the following section, the main concluding points that summarize this chapter are listed.

5.4 Conclusions

This chapter tests the performance of the crank-based energy harvester with various springs sets
(different stiffnesses) under various mechanical loads. The performance is evaluated based on
the maximum applied force, average power, peak power, and efficiency. In this section, a

summary of the discussions is brought.

1. The maximum force applied on the harvester depends on the stiffness of the unit and, in
particular, the stiffness of the springs supporting it. As the spring stiffnesses increase, the
maximum force to induce a certain displacement also increases. Moreover, it was observed that

the loading speed plays a minor role in the magnitude of the peak load as opposed to the
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significant role of the displacement magnitude. The highest load carried by the harvester was
4.6 KN, which was applied at the displacement of 25 mm and the loading speed of 14.67 mm/s.
The other significant loads are 4.3 KN and 3.8 KN, applied at the same loading scenario, on the
harvester with the spring stiffnesses of 37.88 N/mm and 29.77 N/mm, respectively. Considering
the dimensions of the harvester, the peak loads represent one-fourth of a passing car (one
wheel). According to Table 4, these maximum loads are almost equal to one-fourth of the forces
applied by the weight of an average Renault SAS, Volkswagen AG, or Audi AG car. Moreover,
since the maximum forces of the other sets of springs are lower, it can be deduced that the
current harvester can be tailormade and adjusted to its installation location. The lower stiffness
springs can be used for biking lanes and even pedestrians.

2. The factor of average power is the average of the output power pulses generated in one cycle
under each mechanical loading condition, and it provides an overall understanding of the
generation capacity of the harvester system. It was observed that the average output power
depended on the testing scenario and the spring stiffness of the system. In most cases, the
average power is the highest when the loading speed is 13 mm/s, and the displacement is 18
mm. However, when the spring stiffness was 19.12 N/mm and 43.54 N/mm, the average power
maximised at 25 mm displacement and 14.67 mm/s. The average power has an overall peak of
2.46 W when the displacement is 18 mm, and the loading speed is 13 mm/s, from the harvester
with the spring stiffness of 37.88 N/mm. The rest of the peaks are 0.55 W, 0.76 W, 1.12 W,
1.54 W, for the spring stiffnesses of 19.12 N/mm, 25.77 N/mm, 29.77 N/mm and 43.54 N/mm,
respectively.

3. Peak power is the highest power pulse achieved from the harvester, and it is worth
investigating as it indicates the maximum capability of the harvester in terms of power. Similar
to the average power, maximum power is also a function of loading speed, displacement, and
spring stiffness. The recorded power pulse is from the harvester is equal to 4.36 W, obtained

under the loading speed of 14.67 mm/s and the displacement of 25 mm, and with the spring
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stiffness of 37.88 N/mm. The other peak power values are 1.84 W, 2.86 W, 3.46 W and 4 W,
for the spring stiffnesses of 19.12 N/mm, 25.77 N/mm, 29.77 N/mm and 43.54 N/mm,
respectively.

4. The efficiency of the system is another important parameter that indicates the difference
between the experimental outcomes and the theoretical output capacity of the system, calculated
by solving the analytical equation of motion. It was observed that the efficiency of the system
also changes by its stiffness and the testing scenario. Unlike the previous parameters, efficiency
is higher when the loading speed is relatively slow and the displacement is high. However, there
is also a steady increase between the system’s stiffness and the maximum efficiency. The
highest efficiency of the system is 81%, observed when the testing scenario is 5mm/s loading
speed and 19 mm displacement and the spring stiffness is 29.77 N/mm, followed by the
efficiencies of 80% and 72%, under the same testing scenarios but with the spring stiffnesses

of 43.54 N/mm and 38.77 N/mm, respectively.
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6 Feasibility Analysis of the Crank Road Harvester

6.1 Introduction

This chapter discusses the feasibility of employing the new crank-based road harvester in the
roads as a new energy harvesting method. The discussion is made from different points of the
potential applications, field installation, challenges (technical feasibility), and cost-

effectiveness (financial feasibility).

6.2 Technical Feasibility of the Crank-Based Road Harvester

This harvester was designed and manufactured aiming to have a sustainable energy harvesting
source for low-power applications of smart cities. As it was shown in the previous chapter, the

power output and the mechanical capacity of this design fulfil this aim.

Moreover, it is possible to connect the rectifier output to a rechargeable battery for storage
purposes and save the generated electrical potential for further use. The employed rectifier is
suitable for recharging batteries, and therefore, it gives a significant potential to the harvester
to generate power for later usage. Figure 6.1 shows a schematic plan of the harvester’s road
installation as road rumbles, power storage and its future use, as road illumination, signals,

sensors and 10T powering.

Potential application

Transverse road rumble harvester \|

Electricity storage unit
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Low power applications of the smart cities could potentially be provided off-grid by installing
a sufficient number of harvesters in suitable locations and storing the generated potential.
Further discussions on the potentials of the harvester are given in the cost-effectiveness analysis

section.
6.2.1 Field Installation Recommendations

This harvester is capable of withstanding the dynamic loads applied from various types of
vehicles, and it is an ideal choice of a sustainable energy source in smart cities. Based on the
analysis and the experimental results, the following zones are examples of suitable options for
field installation:

e Road rumble strips along the roads and highways

e Transverse road rumbles in streets and highways

¢ A smooth speed bump at junctions, crosswalks, and parking lots

As this harvester operates with a minimal vertical displacement, unlike the current

electromagnetic harvesters, it is also compatible with areas of higher speeds, such as highways.

6.3 Financial Feasibility: A Case Study of Lancashire, UK

In this section, the feasibility of the newly developed harvesting method is assessed. This
assessment is done from different aspects of cost-effectiveness, carbon offset, financial gain

and technology readiness level (TRL).
6.3.1 Cost Analysis

Cost analysis of this energy harvesting technology is conducted to estimate the cost of the
technology and compare it to the other road energy harvesting methods, such as photovoltaic
cells, piezoelectric and thermoelectric harvesters, and the regular energy power plants in terms
of their cost. Moreover, the potential gain from installing a sufficient number of harvesters in a

road lane is evaluated.
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Building a prototype of a crank-based road harvester costs about £500, for laboratory testing

purposes. It is estimated that, if made commercially, the manufacturing price would rise to

around £700, and including the excavation and preparation, the final cost is assumed to be about

£1500. Table 6.1 summarises these costs of one unit of harvester when built commercially.

Table 6.1: Cost analysis details

Building stage

Cost details

Laboratory prototype

Sets of springs: £170

Gearbox and generator: £300

Top and Bottom plate, crank components, and bolts: £30
Sum: £500

Commercially building

Sets of springs: £150

Gearbox and generator: £300

Top and Bottom plate, crank components, and bolts: £250
Sum: £700

Building and installation cost

Cost of the harvester: £700

Cost of the cords, wall box and waterproofing: £100
Cost of excavation: £300

Cost of installation (incl. the concrete walls): £400
Sum: £1500

The average output power generated by the harvester can reach 2.25 W over 2.76 seconds in

one loading and unloading cycle, projecting one tyre (one axle) of a passing car. Hence the

generated electrical energy from one passing car is 6.2 J. If the harvester is placed in a roadway

of 200 cars per hour, 1240 J., equal to 0.34 Wh energy is generated per hour from one harvester.

Figure 6.2 shows the primary roads network in Lancashire county in the UK. Based on the

collected data, the average annual daily flow of Lancashire county in both directions (on an

average day) is around 9766 cars [142].
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Figure 6.2: Map of primary roads in Lancashire couﬁ[143]

Assuming that from this traffic, almost 1600 cars (almost one-sixth) pass on one harvester, the
harvester can produce average energy of 5.51 Wh per day, which results in 2 KWh per year and

20 KWh over 10 years (service life). Table 6.2 shows the described calculations in steps.

Table 6.2: lifetime energy-generating analysis of one harvester, according to the traffic data in

Lancashire country

Step Generated energy

The average power of one cycle, over 2.76 s | 2.25x 2.76=6.21J

One passing car (two cycles) 6.21Jx2=12.421

1600 cars in one day 1600 x 12.42 = 19872 J= 5.52
W.h.

In one year 5.52 X 365 = 2.015KWh

In 10 years of service life 2.015 KWh x 10 = 20.2 KWh

As the cost of each harvester is £1500, the cost of generating each Kilowatt-hour of energy

from one unit of the harvester is
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£1500 =+ 20.2 = £74.26 /KWh

According to the local authorities, the cost of electricity generation per KWh from the
conventional fossil fuel power plants is about 17.2 p [144]. By comparison, the crank-based
energy harvester generation cost is higher. However, it is believed that by improving the design,
such as employing a more efficient generator and optimizing the design, the system's output
will be improved. Moreover, considering the environmental impact of fossil fuel power plants,
having a clean and sustainable energy harvester that can be placed in versatile locations is a

positive shift towards more sustainable infrastructures in smart cities.

Assuming that each streetlamp consumes around 150 W, in 10 hours of lighting, their energy
consumption is 1.5 KWh. According to the calculations in Table 6.3, 90 units of the harvester

is required to generate this amount of energy. Table 3 shows the details of these calculations.

Table 6.3: Sufficient number of harvesters for powering one streetlamp for 10 hours in Lancashire-UK

Energy consumption of one streetlamp in one hour | 150 X 1 = 150 Wh

In 10 hours of illumination (one day) 150 X 10 = 1500 Wh = 1.5 KW.h

One harvester’s generation per car (4 tyres when | 12.4 ]
the harvesters are placed consecutively)
Generation per day in Lancashire (in one
direction): 4883 x 12.4 = 60549.2] =
The harvesters are placed consecutively, allowing | 16-82 Wh

all the cars to pass over them

Number of required harvesters 1500 +~ 16.82 = 90
As rumbles: 180 ~ 12 =8 rows of transverse
rumbles

Installing nine harvesters in a three-lane road (four
in each lane)
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According to the calculations, if the output energy of a total number of 90 harvesters per
direction is stored for one day, a sufficient amount of energy will be available to run one
streetlamp for one working day. These harvesters can be placed as 8 rows of transverse road
rumbles, given that in each row, 12 harvesters are placed. A schematic illustration is shown in

Figure 6.3.

, i— W nt <
Transverse road - A\ Crosswalkie
rumbles, R AR ‘

arrangement of / = : i\ \
90 crank \ &

harvesters

Road Surface

Figure 6.3: Schematic illustration of installing 16 rows of rumbles before crosswalks, sufficient to
power 2 streetlamps for one day
It must be highlighted that streetlamps are relatively high consuming facilities. Aiming to power
the low-power facilities of smart cities, like sensors and loT, this harvester is sufficiently
capable of powering them in real-time or with minimal storage. As an example, the nodes of
loT, the regular air quality measurers suitable for smart cities, consume around 1 W or within

milliwatts [145]-[148], which can easily be powered by one harvester in real-time.

6.3.2 Carbon Offset

In the UK, it is reported that for each KWh electricity generation in a fossil fuel power plant,
around 850, 450 and 200 grams of CO: is emitted for the plant types of coal, natural gas, and
carbon capture and storage (CCS), respectively [149]. Hence, by generating 2 kWh of energy

each year, potentially, 1.7 Kg CO2 emission is reduced each year. However, it is essential to
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mention that this is only for 1 unit of the harvester, and the level of carbon offset can be scaled
up by building and placing more harvesters in suitable locations. By installing 90 units of the
harvester, in addition to providing off-grid power to one streetlamp, 153 Kg of CO2 emission

is reduced every year.

6.3.3 Technology Readiness Level (TRL)

In terms of technology readiness level analysis (TRL), the system is currently designed, and its
performance is approved in the laboratory under mechanical conditions matching the real field
loads. Its performance is approved by powering the LED bulbs under loading conditions similar

to the operation environment. Therefore, it has a TRL of 5.

Table 6.4 summarises the current crank-based harvester’s financial feasibility features and

compares it to the previously studied systems.

Table 6.4: Comparison of the current study to the other road energy harvesting alternatives

Mechanism Reference TRL Cost-Benefit (E/KWHh)
[46] 4 ~136
Piezoelectric [41] 5 174
[150] 3 42
[11] 3 0.7
Thermoelectric
[30] 3 1.7
[25] 4 14.5
Photovoltaic ]
[113] 9 Not available
. [151] 5 152
El
ectromagnetic Current system 5 74.62

According to Table 6.4, the cost of this system is less than the similar electromagnetic road
harvester, while it is mechanically more stable, as all the parts are linked together. It is
noteworthy that in the largescale application stage, the cost of excavation and installation will

also decrease.
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6.4 Conclusion

In this chapter, the feasibility analysis of the crank road energy harvester was conducted from
two major aspects of technology and finance. The following points summarise the main results

of the analyses.

1. Based on experiments, the crank road energy harvester can withstand mechanical loads
matching the real field conditions and power LED lights. Hence, for real-scale applications, it
IS possible to install it in versatile conditions such as road rumble strips, transverse road
rumbles, and crosswalks to generate sustainable energy, especially for low-power facilities of
smart cities.

2. In the financial feasibility, the cost analysis shows that the crank road energy harvester is
relatively cheaper than the previous similar systems, and because of its unique design, there is
minimal risk of mechanical failures due to parts mismatch and backlash. Although it is still
more expensive than the conventional power generation methods of fossil fuels powerplants,
the carbon offset analysis shows that each unit of the crank-based harvester, with the current
design, can prevent around 1.7 Kg of CO. emission each year. It is believed that with an
improvement in the design and implementation of this unit in suitable locations on a large scale,
the carbon offset potentials of this harvester are remarkable.

3. For powering a 150-watts streetlamp, the energy generated by 90 harvesters in one day is
sufficient. In addition to off-grid powering, they reduce the annual carbon emissions by 153
Kg. Considering the fact that the conventional speed bumps and rumbles are generally
considered to increase fuel consumption, using crank-based energy harvesters instead of

conventional systems is a significant shift towards having more sustainable infrastructures.
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7 Conclusions and Future Works Recommendations

This research focuses on generating energy from kinetic energy on roads by designing and
testing a novel electromagnetic harvester, which is capable of generating power, especially for

low power facilities of smart cities.

The other potential of energy harvesting from roads is the thermal form of energy. It was
discussed through the literature review that the thermal energy road harvesters’ performance is
highly dependant on environmental factors, such as the time of the day and the regions climate.
Besides, solar panel road harvesters are brittle, and even though they are implemented in some
large-scale projects, significant improvements are still required to adapt them to the road
mechanical demands and prevent them from failures such as cracking and irreparable damages.
Therefore, kinetic energy road harvesters are more reliable technologies, and among them,
electromagnetic road energy harvesters have a better capacity for power generation and require

minimal maintenance.

The significant part of this work is on building and evaluating a crank-based electromagnetic
road energy harvester with a novel design that can be utilised as rumble strips, and transverse
road rumbles in roads and highways and smooth speed bumps in low-speed traffic zones. Speed
bumps and rumbles are essential for increasing the roadway’s safety. In the following sections,
the main contributions and outcomes of this study are summarised, followed by some

recommendations for future works in this field.

7.1 Conclusion points

1. Analytical evaluation of the crank system showed that the output of the energy harvester
depends on both the displacement magnitude and the displacement speed of the top plate. The
external resistor of the power harvesting circuit was the other important factor affecting the

system's output. Motion analysis of the system was conducted and verified, and it was shown
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that the maximum feasible displacement of the top plate is 25 mm, which makes the harvester
a suitable choice to be employed as smooth speed bumps or rumbles in roads and highways.

2. The mechanical performance of the system was also evaluated through finite element
analysis (FEA) and verified in the laboratory. It was observed through FEA that none of the
critical zones had stress values exceeding the yield strength of aluminium which is the material
used to build the prototype, and hence, the harvester’s initial prototype is mechanically stable.
3. The harvester’s prototype was built for laboratory testing. The crank’s components were
made of aluminium and were bolted together. All the components of this study are bolted to
each other, minimizing any risk of backlash and mismatch. In addition, a planetary gearbox, an
electromagnetic generator, and a full bridge rectifier are the other components of the harvester
unit. The top plate was mechanically supported by 4 springs in the corners of the harvester case.
The initial prototype was made using the springs with stiffness of 19.12 N/mm. The
experimental phase was done using an INSTRON device, with a maximum displacement speed
limit of 14.67 mm/s.

4. The experimental study was planned based on the simulation results, and the harvester's
prototype was tested under different testing scenarios of the external resistor, displacement
magnitude and speed of the top plate. The harvester's output was logged using a NIDAQ
instrument, recording the raw output voltage and the voltage around the external resistor. The
output power of the system was calculated using the voltage around the resistor. Moreover, by
comparing the raw and rectified voltage, the generator's efficiency was calculated in each
scenario and used for comparison.

5. The optimum external resistor of the first prototype of the harvester was equal to 35.5 ohms,
at which the output voltage maximizes, resulting in the highest output power. The maximum
output raw voltage of the harvester was 6.9 V recorded at the displacement of 18 mm and the

displacement speed of 14.67 mm/s.
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6. In the first prototype (with the springs of 19.12 N/mm), the highest power pulse was recorded
at the displacement of 18 mm and the speed of 14.67 mm/s, equal to 1.84 W. Moreover, the
average output power was also calculated by taking the average of the power pulses in one
loading and unloading cycle. The highest average power of one cycle was equal to 0.55 W,
recorded when the displacement was 25 mm, and the displacement speed was 14.67 m/s. It is
worth noting that both voltage and power maximize when the loading speed peaks.

7. Comparing The generation efficiency of the first prototype was found that, unlike the voltage
and power, the generation efficiency maximizes in low displacement speeds. The highest
generation efficiency of this prototype was equal to 64% obtained when the displacement was
19 mm and the displacement speed of 5 mm/s.

8. The maximum load applied on the first harvester prototype was equal to 2.3 KN, recorded at
the displacement of 25 mm and the displacement speed of 14.67 N.mm.

9. In further steps, the performance of the harvester was evaluated using different sets of
springs. Four different sets of springs were chosen as the supporting system of the harvester,
with stiffnesses of 25.20 N/mm, 29.77 N/mm, 37.88 N/mm, and 43.54 N/mm. The same
experimental testing scenarios were conducted using these springs, and the performance of the
harvester was evaluated.

10. As an expected outcome, the loading capacity of the energy harvester increased by using
springs with higher stiffness. The maximum recorded force on the harvester increased to 3.1
KN, 3.85 KN, 4.38 KN and 4.6 KN, for the springs of 25.20 N/mm, 29.77 N/mm, 37.88 N/mm,
and 43.54 N/mm, respectively. Considering the fact that the loading capacity indicates the
forces applied by the passing vehicles, having a higher loading capacity means that the harvester
can be employed on roads where heavier cars pass. In other words, the loading capacity of the

harvester can be tailor-made depending on the heaviest passing vehicle from each road.
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11. The optimizing external resistor of the harvester does not change when employing different
springs. In all cases of springs, the optimizing external resistor was equal to 35.5 ohms, at which
the output voltage and, therefore, the power maximizes.

12. In all cases, the highest power peak was obtained when the displacement speed was
maximum, and the displacement was equal to or more than 18 mm. The peak power was 1.84
W, 2.86 W, 3.42 W, 4.36 W and 4 W for spring stiffnesses of 19.12 N/mm, 25.20 N/mm, 29.77
N/mm, 37.88 N/mm, and 43.54 N/mm, respectively.

13. The average power of the harvester also occurs at the maximum displacement speed and
magnitude and increases by increasing the stiffness of the springs. For springs with the stiffness
of 25.20 N/mm, 29.77 N/mm, 37.88 N/mm and 43.54 N/mm, the average power of one loading
and unloading cycle is 0.76 W, 1.12 W, 2.24 W and 1.52 W.

14. The generation efficiency of the harvester shows a general increase by using springs with
higher stiffness. Like the initial prototype, the highest generation efficiency occurs when the
displacement speed is low, around 5 mm/s, and the displacement is equal to or higher than 16
mm. A generation efficiency of 81% and 80% was obtained when the displacement speed was
5 mml/s and displacement was 19 mm, with spring stiffnesses of 29.8 N/mm and 43.54 N/mm.
15. The feasibility analysis of the harvester shows that it is suitable for being employed in urban
roads and highways as it can withstand the vehicles' applied forces. Moreover, one unit of the
current harvester can reduce 1.7 Kg of CO. emissions. An arrangement of 90 harvesters in the
road (as transverse road rumbles) can provide enough power for one stress lamp in one day, as

well as reduce 153 Kg of CO> emissions in one year.
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7.2 Future works recommendations

In this research, a new electromagnetic road energy harvester was designed and modelled, and
its prototype’s performance was approved through laboratory testing. The following points can

be recommended for future investigations to improve the performance of this harvester:

1. Employing a more efficient generator can increase the overall efficiency of this system. In
the built prototype, the employed generator is a commercially available NEMA 17 stepper
motor. It is recommended to examine the output of the harvester by employing a bigger NEMA
23, or a more efficient electromagnetic generator, improving the power output and increase the
efficiency.

2. It is possible to make further improvements by optimizing the dimensions of the crank’s
components and investigating its effects on the output of the harvester.

3. Conducting field tests will give a better understanding of the system’s performance in a real
field, and verify the estimated output of the harvester, which was done by simulation. In order
to test the harvester in the real field, it is essential to ensure its waterproofness and mechanical
supports.

4. Conducting studies to evaluate fatigue and the creep of the springs over time. Moreover, to
study the harvester’s effect on the fuel consumption of the vehicles, compared to the regular
road rumbles, transverse road rumbles and smooth speed bumps.

5. Studying the interaction between the drivers and the harvester in real field, and the comfort
of the drivers.

6. It is possible to adapt the harvester’s springs stiffness according to the maximum expected
mechanical loads. Therefore, an interesting study can be incorporating various springs as the
support system of the harvester and classify them for their potential employment areas through
laboratory testing. For example, employing the spring set of 10 N/mm is not suitable for urban

road applications; however, it may be used for harvesting energy from pedestrian lanes.
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Appendix: Complementary Experimental data of the
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Figure 0.3: System's response under 5 mm/s and 10 mm displacement a) VVoltage-time around
the 35.5 ohms, b) Power-time
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Figure 0.4: Force-time diagram of the harvester under 9 mm/s and Displacement Of 16 mm
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Figure 0.5: VVoltage-time of the harvester under 16 mm of displacement and the speed of 9
mm/s
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Figure 0.6: System's response under 9 mm/s and 16 mm displacement a) VVoltage-time around
the 35.5 ohms, b) Power-time

193



1.9 A
=14 1
X
§0.9 k
Q
0.4 -
-0.1 A ' g ' <

Figure 0.7: Force-time diagram of the harvester under 5 mm/s and Displacement Of 19 mm
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Figure 0.8: VVoltage-time of the harvester under 19 mm of displacement and the speed of 5
mm/s
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Figure 0.9: System's response under 5 mm/s and 19 mm displacement a) Voltage-time around
the 35.5 ohms, b) Power-time
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Figure 0.10: Force-time diagram of the harvester under 13 mm/s and Displacement Of 18 mm
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Figure 0.11: Voltage-time of the harvester under 18 mm of displacement and the speed of 13
mm/s
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Figure 0.12: System's response under 13 mm/s and 18 mm displacement a) Voltage-time
around the 35.5 ohms, b) Power-time
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Figure 0.13: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 18

mm
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Figure 0.14:Voltage-time of the harvester under 18 mm of displacement and the speed of
14.67 mm/s
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Figure 0.15: System's response under 14.67 mm/s and 18 mm displacement a) Voltage-time
around the 35.5 ohms, b) Power-time
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Spring set of 25.20 N/mm:
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Figure 0.16: System's response under 5 mm/s and 10 mm displacement- spring stiffness 25.2
N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.17: Force-time diagram of the harvester under 9 mm/s and Displacement Of 16 mm-
25.2 N spring stiffness
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Figure 0.18: Voltage- time of the harvester under loading speed of 9 mm/s and displacement
of 16 mm- Spring stiffness 25.2 N/mm
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Figure 0.19: System's response under 9 mm/s and 16 mm displacement- spring stiffness 25.2
N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.20: Force-time diagram of the harvester under 13 mm/s and Displacement Of 18
mm- 25.2 N spring stiffness
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Figure 0.21: Voltage- time of the harvester under loading speed of 13 mm/s and displacement
of 18 mm- Spring stiffness 25.2 N/mm
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Figure 0.22: System's response under 13 mm/s and 18 mm displacement- spring stiffness 25.2

N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.23: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 18

mm- 25.2 N spring stiffness
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Figure 0.24: Voltage- time of the harvester under loading speed of 14.67 mm/s and
displacement of 18 mm- Spring stiffness 25.2 N/mm
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Figure 0.25: System's response under 14.67 mm/s and 18 mm displacement- spring stiffness
25.2 N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time
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Spring set of 29.77 N/mm:
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Figure 0.26: Force-time diagram of the harvester under 5 mm/s and Displacement Of 19 mm-
Spring stiffness 29.77 N/mm
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Figure 0.27: Voltage-time of the harvester under 19 mm of displacement and the speed of 5
mm/s- Spring stiffness 29.77 N/mm
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Figure 0.28: System's response under 5 mm/s and 19 mm displacement- Spring stiffness 29.77
N/mm a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.29: Force-time diagram of the harvester under 5 mm/s and Displacement Of 10 mm-
Spring stiffness 29.77 N/mm
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Figure 0.30: Voltage-time of the harvester under 10 mm of displacement and the speed of 5
mm/s- Spring stiffness 29.77 N/mm
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Figure 0.31: System's response under 5 mm/s and 10 mm displacement- Spring stiffness 29.77
N/mm a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.32: Force-time diagram of the harvester under 9 mm/s and Displacement Of 16 mm-
Spring stiffness 29.77 N/mm
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Figure 0.33: Voltage-time of the harvester under 16 mm of displacement and the speed of 9
mm/s- Spring stiffness 29.77 N/mm
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Figure 0.34: System's response under 9 mm/s and 16 mm displacement- Spring stiffness 29.77
N/mm a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.35: Force-time diagram of the harvester under 13 mm/s and Displacement Of 18
mm- Spring stiffness 29.77 N/mm
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Figure 0.36: Voltage-time of the harvester under 18 mm of displacement and the speed of 13
mm/s- Spring stiffness 29.77 N/mm
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Figure 0.37: System's response under 13 mm/s and 18 mm displacement - Spring stiffness
29.77 N/mm a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.38: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 18
mm- Spring stiffness 29.77 N/mm
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Figure 0.39: Voltage- time of the harvester under loading speed of 14.67 mm/s and
displacement of 18 mm- Spring stiffness 29.77 N/mm
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Figure 0.40: System's response under 14.67 mm/s and 18 mm displacement- spring stiffness
29.77 N/mm. a) Voltage-time around the 35.5 ohms, b) Power-time
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Figure 0.41: Force-time diagram of the harvester under 5 mm/s and Displacement Of 19 mm- 37.88
N/mm spring stiffness
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Figure 0.42: Voltage- time of the harvester under loading speed of 5 mm/s and displacement of 19
mm- Spring stiffness 37.88 N/mm
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Figure 0.43: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the
loading scenario of 5 mm/s loading speed and 19 mm displacement
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Figure 0.44: Force-time diagram of the harvester under 5 mm/s and Displacement Of 10 mm- 37.88
N/mm spring stiffness
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Figure 0.45: Voltage- time of the harvester under loading speed of 5 mm/s and displacement of 10
mm- Spring stiffness 37.88 N/mm
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Figure 0.46: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the
loading scenario of 5 mm/s loading speed and 10 mm displacement
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Figure 0.47: Force-time diagram of the harvester under 9 mm/s and Displacement Of 16 mm- 37.88
N/mm spring stiffness
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Figure 0.48: Voltage- time of the harvester under loading speed of 9 mm/s and displacement of 16
mm- Spring stiffness 37.88 N/mm
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Figure 0.49: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm, under the
loading scenario of 9 mm/s loading speed and 16 mm displacement
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Figure 0.50: Force-time diagram of the harvester under 13 mm/s and Displacement Of 18
mm- 37.88 N/mm spring stiffness
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Figure 0.51: Voltage- time of the harvester under loading speed of 13 mm/s and displacement
of 18 mm- Spring stiffness 37.88 N/mm
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Figure 0.52: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm,
under the loading scenario of 13 mm/s loading speed and 18 mm displacement
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Figure 0.53: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 18

mm- 37.88 N/mm spring stiffness
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Figure 0.54: Voltage- time of the harvester under loading speed of 14.67 mm/s and

displacement of 18 mm- Spring stiffness 37.88 N/mm
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Figure 0.55: Power time diagram of the harvester with the springs’ stiffness of 37.88 N/mm,
under the loading scenario of 14.67 mm/s loading speed and 18 mm displacement
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Figure 0.56: Force-time diagram of the harvester under 5 mm/s and Displacement Of 19 mm-

43.54 N/mm spring stiffness
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Figure 0.57: Voltage- time of the harvester under loading speed of 5 mm/s and displacement
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Figure 0.58: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm,
under the loading scenario of 5 mm/s loading speed and 19 mm displacement
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Figure 0.59: Force-time diagram of the harvester under 5 mm/s and Displacement Of 10 mm-

43.54 N/mm spring stiffness
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Figure 0.60: Voltage- time of the harvester under loading speed of 5 mm/s and displacement
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Figure 0.61: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm,
under the loading scenario of 5 mm/s loading speed and 10 mm displacement
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Figure 0.62: Force-time diagram of the harvester under 9 mm/s and Displacement Of 16 mm-
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Figure 0.64: Power time dlagram of the harvester with the springs’ stiffness of 43.54 N/mm,
under the loading scenario of 9 mm/s loading speed and 16 mm displacement
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Figure 0.65: Force-time diagram of the harvester under 13 mm/s and Displacement Of 18
mm- 43.54 N/mm spring stiffness
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Figure 0.66: Voltage- time of the harvester under loading speed of 13 mm/s and displacement
of 18 mm- Spring stiffness 43.54 N/mm
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Figure 0.67: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm,
under the loading scenario of 13 mm/s loading speed and 18 mm displacement
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Figure 0.68: Force-time diagram of the harvester under 14.67 mm/s and Displacement Of 18
mm- 43.54 N/mm spring stiffness
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Figure 0.69: Voltage- time of the harvester under loading speed of 14.67 mm/s and
displacement of 18 mm- Spring stiffness 43.54 N/mm
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Figure 0.70: Power time diagram of the harvester with the springs’ stiffness of 43.54 N/mm,
under the loading scenario of 14.67 mm/s loading speed and 18 mm displacement
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