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ABSTRACT
Speed bump energy harvester, which aims to harvest energy from the passing by vehicles
by absorbing their kinetic and potential energy, is designed, fabricated, simulated, and tested in
this research. The proposed design is analyzed with a theoretical modelling which has then been
validated with a ground test. Result reveals that the prototype has been able to produce up to 600
watts of peak power and around 150 watts of RMS power which is significant number. Further
analysis has been done which theoretically suggests that the numbers could be increased up to 1
KW by optimizing the speed bump design and varying the system parameters such as electrical
damping, mechanical damping, velocity and weight of the vehicles. Overall, system is able to
increase the overall energy density by using Mechanical Motion Rectification (MMR) technology
which would allow the increase in the power generation almost by double. Furthermore, different
vehicle models have been used to analyze the effectiveness and accuracy of the harvester and also,
the effect of harvester on the dynamics of the vehicle has been studied and analyzed in detail.

Design, Modelling, and Test of an Electromagnetic Speed Bump Energy Harvester
Prakhar Todaria

General Audience Abstract

Speed bump energy harvester is a novel technique of harvesting energy from the passing
vehicles on the streets and the road. This research is a study about the speed bump harvester, the
amount of electricity it is capable of harvesting, its effects on the vehicle and ways to improve the
energy generating capacity. In order to do this, a prototype was developed, tested, modelled and
simulated which gives us a scientific insight of the entire concept. This system is capable of
producing significant amount of energy which has been validated by a ground test.

The electricity thus generated by the system could be used to power on street electrical and
electronic devices which can make the transportation more independent and versatile in nature.
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Introduction

1.1 Motivation: The bigger picture
In today’s world, we want to have an environment where driving is more fun, intelligent,
sustained and smart. From the age of electrical based traffic lighting to the smart traffic lighting
system [1]- [2], humans are experience an unprecedented level of technological advancements in
the field of transportation and it is also an attempts to reducing the carbon foot print [3]. Intelligent
Transportation System (ITS) is the category under which lot of researchers around the world are
attempting to make the transportation more reliable, intelligent, and smart[4]- [5]. A significant
research has been done, for example, on the intelligent traffic lighting. In a research, the author,
Shilpa S. Chavan, suggests a microcontroller/microprocessor based intelligent traffic controls
lights[6]. It serves a phenomenal solution to the traffic problems associated in a city.

On the other hand, smart road concept is a new technology that combined the transportation
with artificial intelligence. For example, the use of video camera for incident detection on roads[7].
Another breakthrough research suggesting the smart road and smart car concept is done by J.Malik
and his co-authors where they applied computer vision for intelligent vehicle highway system[8].
They use the computer vision for the traffic surveillance, traffic detection etc..

Figure 1-1 vehicle tracking system as suggested by J. Malik and his co-authors under the
smart road concept[8]
1

Another research done by Maria Jokela etc. suggests an optical method of detecting the
condition of the roads[9]. This is also used for detecting animals on the roads for preventing
mishaps. They use an INR camera and thermal imaging system for this purpose. In one of the
researches done by Marcin Karpi´ nski, Aline Senart and Vinny Cahill, smartly proposes a wireless
sensor network on road, or, as they called it, “cat’s eye” [10]. This is precisely one of the areas of
application of speed bump energy harvester where it can contribute to the ITS and smart roads
concept.

For all these purposes, we require an immense network of various on road sensors, wireless
technology, and a robust method of powering these electronic devices. A step towards the
intelligent transportation system and smart road concept, require electrical energy and it is really
important to understand the limitations and constraints of the conventional sources of energy
generation. Our aim is to make the ITS more independent in real sense. Another matter of concern
is how we are going to provide electrical power to keep it working independently.
As we know that that electrical energy, in today’s world, has a vital role in every human
being’s life. We simply can’t imagine a world without it. From large scale to Nano –scale
electricity, we are imbibed in the ways of producing more and more energy out of everything that
a man can think of because every single human being on this planet deserves his share of
electricity. It was projected by the international energy outlook (IEO), in 2013, that the energy
consumption of the world will grow by 56% by 2040, of which, most will be produced by liquid
sources and coal [11]. Figure 1-1(a) shows the trend of the electricity production by fuel type. With
an increase in the energy consumption, we are making the humans life better and more productive.
But, there is a darker side to it. It is a known fact that we are consuming our fossil fuels in order
to scale up and provide electricity to masses. Climate change is real and is happening right now
[12]–[15].

A lot of this climate change problem is associated with the way we are producing the
electricity. It is estimated that, in 2014, most of the electrical energy produced in the US was from
fossil fuel, such as coal, which accounted for 39% share. Figure 1-1(b) shows the US energy
2

production by fuel type[16]. Whereas, renewable sources such as hydro power, thermal, nuclear,
and other similar forms accounted for 13% and nuclear energy with 20% share in the US in 2014
[17]. It is even larger in the developing big countries like India and China which produce 60% and
75%, respectively, of their total energy consumption via coal [18]–[20]. We are heavily consuming
our natural resources in order to produce more and more electrical power and it is an apprehension
that, in the near future, we will run out of the natural resources[9]- [10]. Thus, it has become vital
to realize that we need to curb down our dependence on the natural sources for the electricity
generation since it is going to impact our electricity market from region to region in different ways,
not to mention, badly [23].

(a)

3

(b)
Figure 1-2 (a) Projections of the world energy consumption by IEO 2013. (b) US 2014
Electricity generation by type
In order to do so, it becomes necessary to have a paradigm shift towards the nonconventional modes of electricity generation. A lot of researchers, scientists, and engineers around
the world are working towards the exploration of such methods which impose a minimum damage
to our environment and, at the same time, give us clean energy. Some of the examples of such
methods are wind power, gas turbine, and, most widely known, solar power which was produced
less than 1% of the of the total need in 2014 [17]. There are many forms non-conventional and
alternate ways of energy generation which we can and now have started trapping in order to full
fill the gap for our need and to reduce the carbon footprint in the world.

Such a source of energy harvesting, which now can be synthesized, is through vehicles.
With the increase in the number of vehicles on road, there is immense potential in trapping their
potential and kinetic energy which can serve the purpose of small scale electrical power generation
enough to make the transportation more intelligent and independent. This is called energy
harvesting from running vehicle. In 2015, there were estimated 257.9 million passenger vehicles
in United States[24] which can be an immense source of energy harvesting, thus, saving millions
and billions of dollars in energy sector. On board/vehicle energy harvesting is coming to light these
days. With regenerative shock absorbers[25] to MMR based shock absorbers[26]–[31], this area
4

is proving to be a promising field. Hence, a technique that can used to harvest energy outside the
vehicle but using the vehicles dynamics, sounds a very interesting thought.
1.2 Research Objectives
The primary objectives of this research are to;
1. Provide a platform for ITS and smart road concept, which is, to be able to drive
various on road electrical and electronic devices and making transportation more
independent and smarter.
2. Reducing the dependence on the conventional sources of electrical energy
generation at least in the transportation sector.
3. Explore current scenario of speed bumps and to give a scientific method to develop
energy harvester that is able to produce large scale electrical power.
4. Keep the primary function of the speed bump, which is to reduce the speed of the
vehicle on road, and at the same time, harvest significant amount of energy.
5. Give a scientific methodology to build such a harvester with supported theoretical
modelling, simulation and experimental results.
6. Push the study of speed bumps/humps to make it more attractive and exploring the
way which can increase its functionality.
1.3 Thesis Organization
The motivation and organization of the thesis are included in chapter 1. Background and
the literature review including history of speed bumps, applications, its effects on vehicle
dynamics, and previous works on the speed bump had been discussed in detail in chapter 2. Chapter
3 covers the details design of speed bump and energy harvester. The theoretical modelling has
been introduced and discussed in detail in chapter 4. Chapter 5 introduces the experimental setup
for a lab test and on road test. Results of chapter 4 and 5 have been discussed in chapter 6 of the
thesis. Next, conclusion and future works has been discussed in chapter 7.
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2 Background and Literature review

2.1 Speed bump and speed humps
Speed bumps/humps are a common traffic calming device that uses vertical deflection to
slow down vehicles in order to improve traffic safety [32]. Geometrically speaking, speed
bumps/humps are an elevated profile on the road defined by its base length, height and width. As
described by Parkhill and his co-authors in the “Updated Guidelines for the Design and
Application of Speed Humps” [33], “A speed bump is a raised pavement area across a roadway.
Speed bumps are typically found on private roadways and parking lots and do not tend to exhibit
consistent design parameters from one installation to another. Speed bumps generally have a height
of 3 to 6 inches (76 to 152 mm) with a travel length of 1 to 3 feet (0.3 to 1 m)”.
On the other hand, they mention, “a speed hump is also a raised area in the roadway
pavement surface extending transversely across the travel way. Speed humps are sometimes
referred to as “pavement undulations” or “sleeping policemen”. Most agencies implement speed
humps with a height of 3 to 3.5 inches (76 to 90 mm) and a travel length of 12 to 14 feet (3.7 to
4.3 m). Speed humps are generally used on residential local streets. From an operational
standpoint, speed humps and bumps have critically different impacts on vehicles. Within typical
residential operational speed ranges, vehicles slow to about 20 mph (32 km/h) on streets with
properly spaced speed humps. A speed bump, on the other hand, causes significant driver
discomfort at typical residential operational speed ranges and generally results in vehicles slowing
to 5 mph or less at each bump”.

They have given a clear instruction on what to be called a speed bump and hump and their
clear differences. According to them, their functioning and area of installation varies. Speed
bumps, as they mentioned, is a narrow width, sharply inclined profile, whereas, speed bumps are
long width and have lower angle of slope making it convenient for the usage in the residential and
public areas. Both have their advantages and disadvantages over each other and hence, suitable
for a specific purpose on the streets and the highways.

6

2.2 Traffic calming and Speed bump/hump history
Although, the history of speed bumps/humps is not much clear to us, one of the earliest
known usages of speed bump was reported in 1906, in the town of Chatham, New Jersey, United
States, as a raised crosswalk 5 inches above the road [34]. Arthur Holly Compton, Nobel Laureate
in physics, is one of the earliest known people who actually came up with the forerunning design
of present day speed bump profile, which was more gentle, elongated, and ramped in nature [35].
He called it the “Holly hump” in 1953. Ever since, the usage of speed bumps have become a
common practice across the world and it has been effectively used to reduce the average speed of
the vehicles in areas where human traffic interaction is high.

As traffic logic suggests[36] , In Europe, the traffic calming began in around 1960s
Frustrated by cut-through traffic rendering their streets unsafe, residents of the Dutch city of Delft
turned their street into an obstacle course for motor vehicles and a safe haven for their children.
This first traffic calming solution, called "living yards", or "Woonerven", slowed traffic and
lessened volume with the placement of tables, benches, sand boxes, and parking bays extending
into the streets. Woonerven were endorsed by the government nearly a decade later in 1976.

In the following years, the idea spread to other countries around the world. Regulations
and laws were created to govern the dimensions and locations of the woonerf designs. By 1990,
myriads of streets in countries such as Austria, Denmark, France, Germany, Israel, Japan, Sweden,
and Switzerland were similarly calmed.

While effective for small low-volume streets, the woonerf designs slowed vehicles to 9
mph and were thus impractical for larger and more frequently traveled roads. The theory of
employing physical measures to deter vehicle speed had already proven effective and
experimentation began to conceive of similar ideas that would be less costly and more adaptable
to larger streets. Two types of measures were considered in addition to Woonerven; diversions
such as street closures or one-way streets and physical deterrents such as speed humps and similar
traffic calming measures. These traffic calming measures were judged to be the most efficient and
cost-effective of the three alternatives.
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Even though, the history of speed bump is long enough, not too much has been thought
about harvesting energy out of them. However, an extensive study on its shape, profile, and effects
on vehicle dynamics and road handling has been done in the past several decades making it one of
the important areas of study among the researchers and engineers working in the area of vehicle
dynamics.
2.3

Profile and design of speed bumps/humps
There are different kinds of profiles and shapes of speed bump available in the market for

the commercial usage as mentioned previously. LaToya Johnson and A.J. Nedzesky, in their study
done in 2003 [37], excellently compared different shapes of common speed hump profiles.
According to them, most common shapes of speed humps, also true in case of bumps, are circular,
parabolic and flat topped as shown in the Figure 2-1.

Figure 2-1 Different common speed bump and hump profiles [37]
Having different impacts on the vehicles and usages, speed bumps/humps have evolved
with the course of time and due to extensive research done in the area of interaction of vehicles
and the speed bumps/humps. Different profiles and shapes have been studied to find the impact on
the vehicle dynamics. Moreover, There are numerous attempts made to optimize the shape and
size of the hump in order to reduce the impact on the driver and the vehicle.[38]–[46]
2.4

Speed bump effect on vehicle dynamics
It has been widely talked that different shapes and profile of the speed bumps causes
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different changes in vehicle dynamics and effects the passenger accordingly. On one side, speed
bumps/humps effectively calm traffic speed to protect pedestrians, on the other side, it may cause
vehicle damage and passenger discomfort. Detailed study shows that the vehicles travelling faster
on a bump and cause backbone damage to the passenger [47]. The ride comfort is a very important
issue when it comes to speed bump design and analysis. As concluded by, Smith, McGhee and
Haley, in their report, “The prediction of passenger riding comfort from acceleration data”, 1976,
[48] the values of these magnitude weighted rms values ranges roughly from 0 to 0.04 g for smooth
(interstate highway) rides, 0.04 to 0.06 g for medium rides, and above 0.06 for rough rides. In
Sweden, an evaluation of spinal stress in bus drivers against ISO 2631-5 suggests that a bus driver
shall encounter less than 150 bumps in a day at the maximum speed 10 km/h (6.25 mph) [49].
On the other hand, extensive research has been done on effectiveness of the speed bump
on velocity control of the vehicle. Studies show that, by and large, speed bumps are the most
effective way to control the velocity of the moving vehicles on the road [50], [51]. Alongside this,
there have been various attempts to showcase the effects of speed bumps/humps and cushions on
the handling of the vehicle[52], [53].
2.5

Energy harvesting sources
Energy harvesting is the field where the electrical energy is trapped from the surrounding

operating environment. As described by Priya and Inman in Energy Harvesting Technologies, [54]
,there are basically three energy harvesting sources, piezoelectric, thermoelectric and
electromagnetic energy. Among these three energy harvesting sources, piezoelectric and
thermoelectric have widely been explored and discussed in the literature[54]. There are several
instances in the news where people have used piezoelectric devices on the road and speed bump
in order to generate electrical energy [55], [56]. Whereas, Andriopoulou Symeoni in his research,
showcased the way to harvester energy from roads using thermoelectric devices[57]. However, in
both piezoelectric and thermoelectric harvesting techniques, the scope of energy generation is very
limited, maximum to the scale of micro watts. Hence, it can’t be a replacement of conventional
sources of energy generation. Of these three sources, the most promising source seems to be
electromagnetic energy harvesting which is capable of generating significant amount of electric
energy which could be used for various applications. Surprisingly, not much has been done in this
area except some independent companies and researchers have done harvesting from speed bumps
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and roads using electromagnetic generator and simple mechanical crankshaft motion [58]–[65]
but, either they lack the scientific approach or simply the energy produced in their concept is not
sufficient to supplement the existing infrastructure. In another research done by Zhang [66], the
use of linear generator to produce large scale electrical power is pretty impressive but its area of
implementation is in the tunnels and highway and still lacks much power to run road side electrical
equipment.

In this research, both effectiveness and amount of power generated is significant and can
supplement and support the existing infrastructure. To summarize, when a vehicle touches a speed
bump, the speed bump receives the impulsion energy transferred from vehicle, which provides one
possible energy source to be regenerated to power road-side devices. Harvesting the vibration
energy from speed bumps may become a valid solution in some areas where grid electricity is
economically unavailable for applications such as, to power traffic lights, warning sign or traffic
sensors. The theoretical results show us that the project is capable of achieving an electrical output
of more than 1 KW
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3 Design of Speed bump energy harvester

3.1

Area of installation
The speed bump energy harvester is primarily designed to harvest energy from the vehicles

clocking in and out of the administrative parking lot of the State university of New York at Stony
Brook, NY. Since, it was to be installed in the parking lot, speed bump was suitable for the purpose.
The goal was to reduce to speed of the vehicle entering and exiting the parking lot below 15
miles/hour and at the same time generating electrical energy which would be used for various
clock in/out devices such as monitoring camera, shutter gate and various other monitoring sensors.
However, the research was conducted in a very generic way and the designed harvester was
suitable for the on-street power generation and applications as well.
3.2

Concept development
The concept of speed bump energy harvester is to absorb the kinetic and potential energy

of the vehicle, while vehicle runs over the speed bump. Unlike the conventional speed bumps as
defined by the Institution of Transportation Engineers[67], this concept is based upon a linearly
moving speed bump which, when comes in contact with a vehicle, generates a stroke like motion,
which in turns, translates the linear motion of the speed bump into rotational motion with the help
of a rack and pinion gear assembly. It uses any linear motion or vibration caused by the vehicle
impact onto the bump, and uses it to produce large scale electrical power. This novel speed bump
harvester concept is based on the previous research in large-scale energy harvesting. In research
field of large scale vibration energy harvesting, L. Zuo and etc. did pioneering investigation to
regenerate large scale energy with high energy conversion mechanism which proposes a
mechanical motion rectifier (MMR) to convert linear up-down vibration into uni-directional
rotation of generator to regenerate electrical power from vibration of vehicle absorber and ocean
wave [26]–[29], [31], [68]. The design presented in the paper is the forerunning concept of the
MMR system and is used in this research of speed bump energy harvesting. This project uses the
same technique to increase the overall energy generation capacity. MMR is discussed in details in
the later section of energy harvesting module.
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The concept development phase is described in the following flow chart in Figure 3-1. The
prototype is broken into 4 different modules which includes, Vehicle dynamics, Speed Bump,
energy harvesting, and last, energy storage. The speed bump energy harvester is composed of the
speed bump module and energy harvesting module. The system level design is done only to the
speed bump and energy harvesting module also up to an extent, energy storage module. Vehicle
dynamics module, being an input, is kept as a variable.

Vehicle

Speed Bump

Energy

Energy

Dynamics

Module

Harvesting

Storage

Module

Module

Module

Figure 3-1 Schematics of the speed bump energy harvester
Rest Position

During Stroke

Figure 3-2 Motion of the speed bump energy harvester during resting position and stroke

Figure 3-3 Side view of the speed bump energy harvester combined with the speed bump
module
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Figure 3-4 A common car on commercial circular speed bump
3.3

Speed bump energy harvester system design, 3-D modelling & prototype
The proposed speed bump energy harvester is made up of various smaller components

which are assembled in order for it to function. There are two main part or modules of speed bump
energy harvester which are separated according to their functionality. First, the energy absorber or
the speed bump cover and, second, the energy harvester. These two main modules further have
smaller units which are discussed in detail in the following section.
3.3.1 Speed bump module
This module includes the speed bump cover, the connecting rod, speed bump cover base,
linear bearings, linear bearing blocks, linear shafts and most important, springs. All these parts of
the module bear most of the heavy loads which is set upon the system. This module is responsible
for diverting the potential and kinetic energy of the vehicle to the harvesting module which is then
used for energy harvesting purpose. Among all these parts, speed bump cover, connecting rod,
linear shafts, and, linear bearing blocks, base plate are fabricated in the machine shop and linear
bearings and springs are procured according to the estimated calculations.
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(a)

(b)
Figure 3-5 (a) 3-D model of speed bump energy harvester (b) real prototype of the speed
bump energy harvester
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3.3.1.1 Speed bump cover
Speed bump cover profile is chosen to be flat topped, which is one of the most common
shapes for the speed bumps, with a height, h, of 3.5 in (0.0889 cm), length of 9 ft and width or
cross sectional length, L (L1+L2+L3), of 14.5 in. Cast iron is used for building the prototype with
three rectangular shaped sheets of 0.2 in thickness, welded together with adjacent angle of 150
degree from the top plate giving it a flat topped shape. Mass of the speed bump is 150 kilograms.
Figure 3-5 (a), (b) illustrates the 3-D design and fabricated speed bump cover underneath which
springs and energy harvesting unit is kept. Figure 3-6 (a), (b) and Figure illustrates the cross
sectional 2 D drawing and top view 3-D model of the speed bump cover.

(a)

(b)
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Figure 3-6 (a) speed bump cover 3-D drawing (b) inner view of the fabricated speed
bump cover
3.3.1.2 Connecting rod
The only link between the two modules and is responsible for transferring the load of the
vehicle to the harvesting module. At time of action, the entire load is carried by this connecting
rod and thus, made of stainless steel 440 in order to withstand the shock and carrying load
effectively. The length of the connecting rod is set at 5 in.

Connecting Rod

Figure 3-7 Front view of speed bump energy harvester casing showing the connecting rod
on the top
3.3.1.3 Speed bump cover base
It is a thin plate of aluminum with 0.25 in of thickness and along with length of the plate,
rectangular ribs are welded across the length plates in order to give it more bending stiffness.
3.3.1.4 Linear bearings and shafts
The speed bump cover freely rests on the springs and to provide it a linear movement,
linear shaft and the linear bearings, which rest on the bearing blocks, are used. Since, linear shafts
have to withstand heady loads, the material chosen for it is 440 stainless steel which is same
material as being used for connecting rod.
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Figure 3-8 Linear bearings assembled within mounting blocks, springs, supporting shaft,
base plate, and speed bump cover

Figure 3-9 linear shafts mounted on the speed bump cover as a linear guide. Cross
sectional rids welded across the cover to give strength to it
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3.3.1.5 Springs and its selection
Spring selection is one of the most critical parts of the system design process since it
determines the proper functioning, load capacity and self-generating capacity of the speed bump
energy harvester. The time for speed bump to rebound to its original position can be estimated by
a quarter period of time according to its natural frequency. The natural frequency of speed bump
can be expressed as

fn 

kb
(mb  me )

(1)

Where f n , kb , mb , and me will be the natural frequency of speed bump, spring stiffness,
mass of speed bump and the equivalent mass of energy harvester, which will be introduced in the
later section. Assuming that the time between the front and rear axles of vehicle passing through
the speed bump is Tv , then

1
1

 Tv
(4  f n ) f v

(2)

Substitute Eq. (1) into (2),

kb 

(mb  me )
Tv 216

(3)

The time, Tv , can be calculated according to vehicle speed and axle distance. Moreover,
larger the equivalent mass of harvester, larger stiffness of the spring should be.

Figure 3-10 springs supporting speed bump cover
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3.3.2 Energy harvesting module
Energy harvesting module comprises of several small and critical components such as rack
and pinion gear system, gear box, Brushless DC motor/generator, couplings, bearings, and the
most important, one way clutches, which help achieving the mechanical motion rectification. The
details of the energy harvesting module components are discussed in the following sections

Figure 3-11 (left) - 3-D model of speed bump energy harvester module (right- prototype
of the speed bump energy harvester module)
3.3.2.1 Rack and pinion gear system
Rack and pinion gear pair provide the conversion of linear motion into rotational motion.
The same assembly has been used in the prototype which will initiate the harvester’s rotational
movement one the vehicle’s kinetic and potential energy is absorbed by speed bump cover and
transferred by the connecting rod to the pair of rack gears. The figure illustrate the layout of rack
and pinion gear system used in the prototype.
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Figure 3-12 Rack and pinion gear assembly
3.3.2.2 Gear box
Gear box serves a critical function in the harvesting unit. The rotational speed of the pinion
is not sufficient enough to drive the motor and thus, isn’t enough to achieve the rated speed of the
motor. The gear ratio, n, used in the prototype is 1:50. Thus, the velocity after the increase would
be 50 times higher than the rotational speed of the pinion gear.
3.3.2.3 Brushless DC motor (BLDC motor)
Brushless DC motors are more efficient as there is not brushes and hence, the chances of
any friction are removed. Also, BLDC motor can work as a generator and hence, a 3 phase, single
shaft BLDC motor has been used for the prototype. Detailed description of the motor can be found
here [69].

Figure 3-13 Brushless DC motor/generator
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3.3.2.4 One way clutch bearings
There are several designs of one way clutch available which are patented under U.S. Patents
[70]–[74]. In this research, there are 2 one-way clutches fitted with the pair of pinion gears which
allow the motion of the rack to take place in two direction, but only allows shaft to rotate unidirectionally. Figure 3-14 represents the 2-D cross sectional design of a typical one way clutch
with its functioning. The functioning of such a one way clutch could be found in the literature on
the website. [75]

Figure 3-14 Representation of the one way clutch with its functioning [75]

Figure 3-15 2-D and 3-D view of the one way clutch used in the prototype [76]
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3.3.2.5 Harvester casing and sealing
The energy harvesting module is encased in a cuboid and sealed with sealing material to
ensure that no water comes inside the electrical or mechanical part of the harvester. The cuboid is
made of aluminum to avoid any kind of rust or corrosion. The connecting rod, as described in
section 3.3.1.2, movies linearly through the harvesting case and it the only opening of it. In order
to ensure the sealing of the hole, two O rings are placed, one at the top and the other at the bottom
of the top plate of the harvester case. These O rings are specially placed in a grove cut with the
same depth as the wire diameter of the O rings so that they can be placed perfectly. Then bottom
and the top O rings are further fixed and sealed with the help of an aluminum plate or top seal
plate. Detailed 3-D design of the harvester assembly is shown in the Figure 3-16

Figure 3-16 3-D assembly of the energy harvesting module indicating different parts of
the assembly
Figure 3-17 to 3-19 showcases the side view, front view and the fabricated and assembled
prototype of the speed bump energy harvester module
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Figure 3-17 Side view of the assembly of energy harvester module

Figure 3-18 Front view of the harvester module

Figure 3-19 assembled prototype of the energy harvester unit
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3.3.3 Mechanical motion rectification (MMR)
The schematics of energy conversion mechanism, as shown in Figure 3-20, which is called
the mechanical motion rectifier (MMR)[30], by which the linear translational motions of two racks
are converted to the rotational motion with the engagement and disengagement of the two oneway clutches. The two racks are connected with speed bump cover via the connector. When the
two racks move with the speed bump cover vertically, the two pinions will rotate with the
movement of racks. However, the two one-way clutches inside the pinions are installed in such a
way that only one of the two clutches is engaged at an instant time to drive the shaft. When a
vehicle rolls over the speed bump cover, the speed bump cover and racks are first pressed down.
During this process, the first one-way clutch is engaged and drives the shaft meanwhile, the second
one-way clutch is disengaged. After the tire rolls over, the speed bump and racks will move
upwards under the spring force. The second one-way clutch is engaged to drive coupling shaft and
the first one-way clutch is disengaged. The engagement and disengagement between the pair of
one-way clutches result in the coupling shaft to be driven in the same direction, irrespective of the
direction of the movement of racks. This is the working principle of the proposed mechanical
motion rectifier, which is similar as the electrical voltage rectifier using center-tapped transformer.
Since the rotational speed obtained by the linear motion of rack is not so high, a gear box, as
described in section 3.3.2.2 is used to speed up the generator to its rated speed for energy
conversion efficiency.

Figure 3-20 Schematics of the mechanical motion rectifier (MMR)
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4 Analytical modelling

4.1

Speed bump energy harvester dynamics
As described in the previous sections, the speed bump harvester is modelled as one body

mass system as illustrated in the figure. With the mass of the bump cover, mb, and equivalent
mass, Me, which is the inertial mass of the rotating parts.

Figure 4-1 2-D speed bump energy harvester model

Where, Mb, Me, are the masses of speed bump cover and the equivalent mass. Kb and Cb
are the spring stiffness and the equivalent electrical damping. Xb is the speed bump displacement
and h is the total height of the speed bump. Whereas, the schematics of the moving parts, i.e. pair
of pinion gears, one way clutches, coupling, gearbox and generator is shown in Figure 4-2.

Figure 4-2 Systematic representation of the energy harvesting module
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4.1.1 Equivalent mass
As mentioned in the previous section, Equivalent mass, Me, is the inertial mass which will
resist the motion of the bump cover in the beginning or in more specific words, it is the inertial
mass of the rotating parts of the harvester such as gear box, coupling, motor etc. combined.
Following equation is used to determine the equivalent mass of the system;

Me 

I pj  I s  n2 I g
r2

(4)

Where, Ip, Ic and Ig are the inertia of pinion gears, coupling shaft and generator respectively.
The n is the gear ratio of gear box and r is the radius of the pinion gear. So, Me is added to the
mass of the speed cover, as shown in Figure 4-1, considering it to be placed at the end of the rack.
It is an important parameters in defining the state of the system when the dynamics is taken into
consideration. Later section describes the function of it in detail.
4.1.2 Equivalent damping or electromagnetic damping
Similar with the equivalent mass, equivalent damping, Ce, is an electrical damping caused by
the electromagnetic generator. A model of the electromagnetic generator model is setup as shown
in Figure 3, in which the rotational back electromotive voltage, Vg ,is proportional to the rotational
speed of generator shaft described as the following equation:

Figure 4-3 Simple electrical circuit of the generator

Vg  K g g n

(5)

Where Vg , K g , g , and n are the electromotive voltage, counter electromotive voltage
constant, rotational speed of the generator and gear ratio respectively. Furthermore, the counter
electromagnetic induced torque, which is proportional to the current as;
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Tg  Kt  ig

(6)

Considering the equation (5), we can get

Tg  Kt 

Vg
Ri  R0



Kt K g g n
Ri  R0

(7)

4.1.3 One way clutch modelling
A dynamic model of Speed bump energy harvester, as shown in Figure 4-2, is built up
according to the physical prototype in Figure 3-9. The model includes three parts:
1. Mass of top plate attached with connecting rod/rack;
2. Inertia of Ip1/ Ip2 with pinion and outer ring of one way clutch;
3. Harvester shaft with generator, gearbox, coupling and the inner shaft of one way clutch.
Here the inertia of one way clutch is neglected. The dynamic equations of these three parts
are as followings:

M b xb 

Tj
R

 F or

I pj pj  T1  Tc

or

( I s  nb 2 I g )b  Tc  Tg

(8)
(9)
(10)

Where j=1,2, representing the pinion gear 1 and 2 respectively, M r , I pj , I s and I g are the
mass of rack assembly, inertia of each pinion P1 and P2 , inertia of coupling, gearbox and
generator respectively; xb is the vertical displacement of the rack and connecting rod;  pj and b
are the angular acceleration of each pinion P1 , P2 and coupling; the angular acceleration of
generator g  nbb , nb is gearbox ratio; T1 , T2 , Tc and F are the torque on each pinion, one way
clutch and the force loaded on the cover link rod. When one clutch is engaged and the other is
disengaged, the torque on the disengaged is neglected.
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The one way clutch can be modeled as a discontinuous contact model with stiffness K c1
and K c 2 , or, for representation sake, Kcj and damping Ccj for each one way clutch. (j=1,2). The
torque on the one way clutch can be expressed as

Tc  Kcj ( pj  b )  Ccj ( pj  b )

(11)

where  p1 ,  p 2 and  b are the rotational angular of the each pinion and coupling. Tc is the
torque to drive coupling input shaft, when one of the two way clutch is engaged respectively. One
way clutch is disengaged when the driving velocity is larger than driven velocity, and it is engaged
when driving velocity is smaller than driven velocity. When the damping of one way clutch is
small and neglected, the torque equation can be expressed as
When one way clutch is engaged:

Tc  Kc1 ( pj  b ) ,

( pj  b )  0

(12)

When one way clutch is disengaged:

Tc  0 ,

( pj  b )  0

(13)

Figure 4-4 model of engagement and disengagement

The displacement, xb , of rack and the angular displacement,  p1 , has the relationship

xb  b r and xb  b r , where r is the radius of pinion. When one way clutches are disengaged,
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the pinion shaft and generator shaft rotate together, decoupling itself with the rack and pinion with

Tc  0 , therefore, decoupled eq. can be expressed as,

There are primarily two kinds of states which can define the dynamics of the energy
harvesting system. One of engaged phase and another disengaged phase. These are defined in the
following section.
4.1.4 Engaged harvester state
State is said to be engaged when Eq. (8) is satisfied. That means, if the pinion gear can
provide an additional torque to the harvester shaft, the system will enter the engaged state.
Direction of the rack does not have any role since using the pair one way clutch, we rectify the bidirectional movement of the rack and get a unidirectional rotational motion in the harvester shaft.
Hence, equation for the motion for speed bump harvester is

(M r 

I pj  I s  nb 2 I g
r2

) xb 

Kt K g nb 2
r 2 ( Ri  R0 )

xb  F

(14)

Where, j=1,2, representing pinion gear 1 and 2, F, is the force exerted by the vehicle onto
the speed bump. Explanation of the force, F, is discussed in detail in the further sections.

Mt  Mb 
M eq 
Ceq 

I pj  I s  nb 2 I g
r2

( I s  nb 2 I g )
r2

&,

Kt K g nb 2
r 2 ( Ri  R0 )

(15)

(16)

(17)

Where, Mt, is the total mass including, mass of the speed bump Mb, and equivalent mass of
the rotation bodies inside the harvester. Hence, Eq. (14) an be rewritten as,

Mt xb  Ceq xb  F
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(18)

4.1.5 Disengaged harvester state
State is said to be engaged when Eq. (8) is satisfied. That is, the instantaneous angular
velocity of the pinion gear is less than the angular velocity of the shaft. This is also called the
decoupled state, where, the harvester dynamics is separated from the speed bump dynamics.
Therefore, the following equations govern the two individual system.
For harvester, governing equations is;

M eq xb  Ceq xb  0

(19)

And, for the speed bump, the governing equation is;

M b xb  Kb xb  F

(20)

In the disengaged state, the energy harvested will be entirely based on the instantaneous
angular velocity of the generator shaft and the decaying shaft velocity will be;

g  ge

 Ceq 

t
 M eq 



(21)

To summarize the engagement and disengagement, following table as be shown;

Table 4-1Conditions for engagement and disengagement
Stages/State

Engaged State

Disengaged State

If 0  xb   xb max

 pj  b

 pj  b

If xb   xb max
(Bottom Stop)

Definitely disengaged
Since  pj  0

 pj  0

If xb  0
(Upper Stop)

Definitely disengaged
Since  pj  0

 pj  0
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4.2

Vehicle dynamics model
Vehicle dynamics model has been studied widely by many scholars in the past and the most

famous vehicle dynamics models are quarter car, half car and full car model and in this research,
all the vehicle models are taken from the literature, Vehicle Dynamics, by Reza N. Jazar [77].
Here, in our study, the preliminary work has been done on the quarter car model to validate the
effectiveness of our analytical modelling. Hence, the governing equation for the quarter car model
is following;
4.2.1 Quarter car model

Figure 4-5 quarter car model of 2 axle vehicle

A quarter vehicle model from reference is adopted in this research as illustrated in Figure
5. Only the vertical vibration of the vehicle is considered in this research. The quarter vehicle
model is a two-mass vibration system with body mass of Ms and unspring mass of Mu. The vertical
displacement of sprung and un-sprung mass is represented as xs and xu respectively. The stiffness
and damping of the suspension system are described as Ks and Cs respectively and the stiffness of
tire is indicated as Ku and the damping of tire is neglected due to be smaller than that of both
suspension and speed bump. The two-mass vibration system can be expressed as the following
two equations,

M s xs  Cs ( xs  xu )  K s ( xs  xu )  0
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(22)

M u xu  Cs ( xs  xu )  K s ( xs  xu )  Ku ( xu  xt )  0

(23)

Where xs and xu are the vertical accelerations of sprung and un-sprung mass respectively,

x s and x u are the vertical velocity of the sprung and the un-sprung mass respectively. Here xt is
the movable displacement boundary input. xt will be influenced by the position of tire and speed
bump cover stroke.
4.2.2 Half car model

Figure 4-6 half car model of 2 axle vehicle

Above figure illustrates the half car model used in the study of vehicle dynamics. Where

xs ,  the movement of the vehicle body at gravity center; M s and I s the body mass and inertia;
L f and Lr the distance of center of the vehicle from the front and rear suspension, K s1 , K s 2 , C s1

and C s 2 are the stiffness and damping of the front and rear suspensions. Where M t1 and M t 2 are the
unspring mass, K t1 , K t 2 , Ct1 , Ct 2 are the stiffness and damping of the front and rear tires
respectively. x11 , x12 , x21 , x22 are the vertical displacement of the front tire, front body, rear tire and
rear body of the vehicle. x1 and x2 are the inputs to the front and the rear tire respectively.
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Now, the governing equations of the half car model are the following;
For vehicle sprung mass;

M s xs   K s1 ( xs  L f   x11 )  Cs1 ( xs  L f   x11 )  K s 2 ( xs  Lr   x22 )  Cs1 ( xs  Lr   x22 )

(24)

I s   L f ( Ks1 ( xs  L f   x11 )  Cs1 ( xs  L f   x11 ))  Lr ( Ks 2 ( xs  Lr   x22 )  Cs 2 ( xs  Lr   x22 )

(25)

For vehicle un-sprung masses;

M t1 x11  Ks1 ( x11  xs  L f  )  Cs1 ( x11  xs  L f  )  Kt1 ( x11  x1 )  Ct1 ( x11  x 1 )

(26)

M t 2 x22   K s 2 ( x22  xs  Lr  )  Cs 2 ( x11  xs  Lr   )  K t 2 ( x22  x2 )  Ct 2 ( x22  x 2 )

(27)

4.3

Dynamics of the combined speed bump energy harvester and vehicle model

4.3.1 Speed bump modelling with quarter car dynamics

(a)

(b)

(c)

Figure 4-7. Interaction between SBEH model and vehicle model. (a) Vehicle is climbing on
SBEH. (b) Vehicle is passing on top of SBEH. (c) Vehicle is going down the SBEH
In the combined modelling of vehicle and speed bump energy harvester, there are few
things which are important to notice. Unlike the conventional input to the vehicle, the ground
excitation, which is xi in this case, is fixed and doesn’t depend on time. But, in this case, since the
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speed bump is linearly movable, the input to the vehicle is both profile based and time dependent.
We can compare this problem with the moving boundary condition where the boundaries are time
dependent variable. Hence, another state along is introduced in order to take care of this problem.

Although, both the systems have their individual dynamics, when they come in contact
they behave as a three- of four-body mass system (depending on the engagement or disengagement
of the generator). Hence, the overall system can be represented in terms of three equations of
decoupled masses when they come in contact. Governing equations of the overall system can be
written as

M s xs  Cs ( xs  xu )  K s ( xs  xu )  0

(28)

M u xu  Cs ( xs  xu )  K s ( xs  xu )  K u ( xu  xt )  0

(29)

(M b  M e ) xb  Cb xb  Kb xb  Ku ( xs  xt )  Fp  Fg

(30)

Now, another point of consideration is, the stroke is limited to 2 inches in the prototype.
Hence, as soon as the speed bump reaches its bottom most limit, the speed bump stops moving and
the input to the quarter car is totally profile based rather than time dependent moving.
4.3.1.1 Input to the quarter car model
Section I: Tire position is located between A and B as illustrated in Figure 6 (a). The
vertical velocity of the tire can be synthesized in terms of horizontal velocity of the vehicle tire V,
which is taken as constant, and speed bump vertical velocity xb

xt  V tan( )  xb

(31)

Here,  is the angle between the slope of the cover and ground.

Section II: Tire position is located between B and C as illustrated in Figure 6 (b). When
vehicle tires reach point B on the speed bump, the profile input becomes zero as   0 . Thus, the
tire velocity in vertical direction becomes,

xt   xb
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(32)

Section III: Tire position is located between C and D as illustrated in Figure 6 (c). When
vehicle tires cross the point C on the profile of the speed bump, the tire contact points begins to go
down the slope of the speed bump. In that case  will be negative and Eq. (13) will change to

xt  V  tan( )  xb

(33)

Figure illustrates the stages of input

Figure 4-8 Different stages of the speed bump cover and inputs

Table 4-2 summarizes the different conditions for different inputs to the tire of the vehicle.
Table 4-2 Conditions for different inputs
Input/ Condition

If xb  xb max

If xb  xb max

Between A & B

xt  V tan( )  xb

xt  V tan( )

Between B & C

xt   xb

xt  0

Between C & D

xt  V tan( )  xb

xt  V tan( )

When the two-mass vehicle model is made to interact with SBEH model, the vehicle weight
of Fg = Mg exerted on the speed bump cover vertically downwards. Here, M is the vehicle’s overall
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mass and g the gravity acceleration. Such a three-mass vibration system can be simplified and
derived by synthesizing the SBEH model with the quarter vehicle but since the entire front axle
will roll on the speed bump, we can double quarter vehicle model parameters i.e. double the sprung
and un-sprung mass, double the suspension and tire stiffness and damping. Considering the three
working stages of SBEH, the interaction between SBEH and vehicle can be analyzed as the
following three stages.

(1) Before the speed bump cover reaches the bottom limit: During this process, the
movement of the speed bump cover drives the rack via connecting rod which in turn rotates the
pinions. During this phase, the rotational speed of the coupling shaft will be slower than the speed
of pinion therefore the one-way clutch will engaged as described in earlier section

(M b  M eq ) xb  Ceq xb  Kb xb  Ku ( xu  xt )  Fp  Fg

(34)

At the same time, vehicle works in a two-mass system as described by Eq. (22-23).

(2) After the speed bump reaches the bottom limit: When the speed bump cover reaches
its hard stop or bottom most point, speed bump cannot move further and becomes stationary. At
this moment, there is a complete state of disengagement and the dynamic equation of speed bump
is switched and under the influence of static vehicle load, Fg following equation will command the
system

M b xb  Kb xb max  Fp  Fg

(35)

At the same time, the movable displacement boundary input to vehicle model will not
change because xb = xbmax, and the profile of speed bump cover will act as profile input to vehicle
as the conventional speed bump. xt will be the speed bump profile input to the vehicle model,
which is the same as the tire rolling on the traditional speed bump with fixed boundary
displacement input of speed bump profile. At this time, the speed bump energy harvester module
and vehicle system has no interaction. Again, as in described in section 3.1, if xb / R   , that is,
the generator speed is higher than the rotational speed of pinion, one-way clutches are disengaged,
and the speed bump energy harvester is separated from the speed bump cover unit. That is, the
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equivalent mass and damping of harvester need not to be attached to attach to the model of speed
bump cover. The one-mass vibration system of speed bump with the preload, can be expressed as,

M b xb  Kb xb max  Fp  Fg

(36)

Where, xb max ,is the maximum stroke of the speed bump cover. Thus, K b xb max will always be
constant. And the dynamics equation of energy harvester when both the one-way clutches are
disengaged

M e xb  Cb xb  0

(37)

(3) Rebounding process when vehicle tires roll out of the speed bump cover: Since the
vehicle weight is much large than the supporting force provided by the four springs of SBEH, the
rebounding process only occurs when the vehicle tire move out of the speed bump cover when
there is no interaction between speed bump and vehicle. Hence, as described in section 4.1,
dynamic equation under the influence of static mass of the vehicle can be expressed as,

(M b  M eq ) xb  Ceq xb  Kb xb  Fp  Fg

(38)

To compare the influence of energy harvester with MMR to the dynamics of the interaction
between speed bump and vehicle, a SBEH model where the rack and pinion is simple connected
with the traditional electromagnetic generator without the MMR mechanism. Equations of the
quarter car model will remain the same. However, the speed bump model in the three mass-spring
vibration system can be described as the followings.

(1) Before the speed bump cover reaching the limiter: The dynamic equation of speed bump
is derived from Eq. (22),

(M b  M e ) xb  Cb xb  Kb xb  Ku ( xu  xt )  Fp  Fg

(39)

(2) After the speed bump reach its limiter: As xb  0 , the dynamic equation of speed bump
is switched to the following equation

M b xb  Kb xb max  Ku ( xu  xt )  Fp  Fg
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(40)

(3) Rebounding process when vehicle tire rolling out of the speed bump cover: After the
vehicle tire move out of the speed bump cover, the dynamic equation of the speed bump can be
expresses as,

(M b  M b ) xb  Cb xb  Kb xb max  Fp

(41)

There is one point to be noticed, that the engagement and disengagement are individual
phenomenon which depends on the state of the system and moreover, vehicle parameters. Here,
energy harvester can go from engaged to disengage state, or vice-versa, at any point when the
vehicle is on the speed bump cover. Hence, the engagement and disengagement should be confused
with the stage the vehicle is on. The following table summarizes the relationship between stage
and the state of the system.
Disengaged status:

(pj  b )  0 , Tc  0

(42)

M eq xb  Ceq xb  0

(43)

(p1  b )  0 , Tc  Kc1 ( p1  b )

(44)

Engaged status:

M t xb  Ceq xb  F

(45)

4.3.2 Speed bump modelling with half car dynamics
Speed Bump modelling with half car dynamics is similar to that of the combined quarter
car and harvester modelling, except, here, we have more degrees of freedom from the vehicle’s
end. Following figure is the representation of the combined half car and speed bump energy
harvester.
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Figure 4-9 Combined model of the speed bump energy harvester and half car
4.4

Energy generation
The harvested power can be obtained from the multiple of torque and the generator rotation in

Equation (1) and (2),
P  Tg  g 

K g Kt   g 2
( Ri  R0 )

(46)

According to the relationship of the generator rotation speed with the speed bump up-down
movement,  g 

nb xb
, the harvested power can be expressed as,
r

P

K g Kt  nb2 xb 2
(r 2 ( Ri  R0 ))

(47)

According to the equivalent mass and damping in Eq. (17), Eq. (47) can be simplified as

P  Ceq xb 2

(48)

The velocity x b can be calculated according by solving all the equations of motion numerically
either by Ranga-Kutte or Euler’s method.
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5 Experiment

5.1

Lab test
Dynamic performances of the fabricated prototype are measured by a dynamic

measurement system in lab as shown in Figure 5-1. In order to evaluate the dynamic response of
the harvester to vibration excitation, multiple-channel measurement system is set up. Laser
displacement sensor is used to measure movement of speed bump cover. Accelerometer measures
acceleration of the vibration speed bump cover. The harvested electricity can be measured by a
circuit for three phase voltage as shown in Figure 5-2 (right). The test is to measure the electrical
power output and performance of speed bump energy harvester by jumping on speed bump cover.

Figure 5-1 lab testing of the speed bump energy harvester connected with the data
acquisition system and displacement and acceleration sensor
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Figure 5-2 (left) - electrical circuit for the brushless DC motor/generator (right) resistance circuit for the BLDC motor/generator
5.2

In-field test
In-field test is carried out by setting up a wooden ramp almost 2 ft high. The reason for

setting up a ramp is because, it was virtually impossible to get permission to dig a rectangular hole
where the speed bump energy harvester could be placed. Instead, the idea of elevating a ramp like
structure is brought in and the speed bump is placed between two ramps so that a car could easily
run over it and the prototype could be tested. The setup of the in-field testing is shown in Figure
5-4. The advantage is this platform can be easily assembled for the test without breaking the
concrete surface and digging a hole on the road and can be easily disassembled after the test.

Multiple-channel measurement system is built up to evaluate energy harvesting capability,
the vibration of both speed bump energy harvester and vehicle. Accelerometers are mounted on
both speed bump cover and vehicle body and unspring mass (tire) to evaluate shock responses.
And laser displacement sensor is mounted on speed bump cover to measure the impulse input and
displacement. The harvested electrical voltage and current can be measured by a circuit for three
phase voltages with three 60W lights in Y shape, as shown in Figure 5-1 (left). The electrical lights
and the measurement resistors of 1 Ohm are the external resistance. A passage car of Honda Civic
is used as the test vehicle.
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Figure 5-3 Preliminary in-field testing. Car being driven on the elevated ramp getting in
contact with the speed bump energy harvester

Figure 5-4 final in-field testing of the speed bump energy harvester.
5.3

Limitations of in-field tests
There were several limitation of which, these are the major limitations that were faced

during the in-field testing of the prototype:
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1. The elevated ramp was small in width hence making it really hard for the driver to keep
the vehicle aligned or straight over the ramp.
2. Since, there was always a chance of car being fallen from the elevated ramp, there was
a serious limitation on the velocity with which the driver could drive on the ramp. This
limited the testing velocity to only 2 MPH.
3. Since there was a velocity limitation, thorough in-field testing was barred and results
are limited to support the simulation results which are discussed in the later sections.
4. Vertical body acceleration of the vehicle could not obtained, thus, research is
extensively relied on simulation study. Although, there is enough data to claim the
hypothesis presented in chapter 2.
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6 Results and discussion

6.1

MMR: Its effectiveness and effects on quarter car dynamics
The initial study of the combined quarter car and speed bump energy harvester is conducted

to validate the effectiveness of MMR and to know whether is there any effects on the quarter car
model by its usage. For this, the quarter car model of the vehicle is used from the literature. The
parameters for the quarter car model are given in the Table 6-1

Table 6-1 Detailed parameters for the quarter car model
Parameters

Notation

Value

Unit

Radius of Pinion Gear

R

0.0254

m

Sprung Mass

Ms

1527

kg

Un-Sprung Mass

Mu

200

kg

Speed Bump Mass

Mb

150

kg

Equivalent mass

Me

620

kg

Total Mass (Speed bump and
equivalent mass)

(Mb+Me)

770

kg

Suspension Stiffness

Ks

60000

N/m

Tire stiffness

Ks

440000

N/m

Speed bump stiffness

Kb

130000

N/m

Suspension damping coefficient

Cs

7000

N-s/m

SBEH electrical damping
coefficient

Ce

400

N-s/m

Gravitational constant

g

9.8

m/s

Gear Ratio

n
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50 to 1

2

6.1.1 Effectiveness of MMR
As claimed earlier, MMR increases the overall density of the power generated, hence,
increasing the average power output. Figure 6-1 illustrates the dynamics pinion gear and the
generator shaft and the functioning of the MMR.

(a)

(b)
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(c)
Figure 6-1 comparison of pinion gear angular velocity and generator shaft angular
velocity at (a) 2 MPH (b) 5 MPH and (c) 10 MPA
Figure 6-1 represents the behavior of the angular velocities of the pinion gear and generator
shaft at 2, 5, and 10 MPH vehicle speed. The engagement and disengagement phenomenon of the
MMR is clearly seen in these three graphs. The dark line represents the angular velocity of the
generator shaft, whereas, the dashed line represents the angular velocity of the pinion gear. As the
vehicle starts running over the speed bump, the speed bump cover moves down and drives the rack
and pinion assembly. Hence, the system is engages pinion gear drives the generator shaft with the
same angular velocity. As soon as the rack reaches its bottom limit, the pinion stops and its angular
velocity suddenly falls to zero. Thereafter, the system disengages and the generator shaft keeps
rotating with a decay factor of

g  g e

 Ceq 

*t
 M eq 



(49)

The same trend is followed by the power generated since it is directly proportional to the
square of angular velocity of the generator shaft. The second peak seen in the figures indicated the
engagement of the system during the rebounding process.
Another point to notice here is, as the velocity of the vehicle increases, the peaks come
closure together. This make sense because, at higher speeds, the time tire remains on the speed
bump get lower and lower. Hence peak coming closure is the validation of it.
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6.1.2 Effect of MMR on quarter car vehicle dynamics
It is important to know if the MMR plays any role in changing the dynamics of the quarter
car model. This simulation is used to validate the dynamic effect of speed bump energy harvester
on the vehicle dynamics. Figure 6-2 is the comparison of the dynamics of coupled quarter car and
speed bump energy harvester with and without MMR.

(a)

(b)
Figure 6-2 simulation results for the speed bump displacement, sprung and un-sprung
mass of the quarter car model at 2 MPH with (a) MMR (b) Non-MMR
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In above Figure 6-2, tire tracking is the point of contact between the tire and the speed
bump cover. A dip in the tire tracking point indicates that, first, the tire starts to running over the
speed bum cover and gains some height. After some time, due to the effect of vehicle dynamics,
the speed bump starts to gain the stroke and hence, moves down. At the same time, the tire also
takes a dip and hence, the tracking line drop until the speed bump cover reaches its bottom most
limit. Thereafter, the speed bump cover behaves like a conventional speed bump. This validates
the modelling of the system. From Figure 6-2 it can be seen that the displacement of the vehicle
body, tire and the speed bump hardly changes. That means, MMR doesn’t really affect the
dynamics of the vehicle. Only the dynamics of the speed bump changes which is not a concern for
the rider riding the vehicle.
6.1.3 Comparison of power generation
Figure 6-3 shows the power generated by the MMR enabled harvester and non-MMR case.
A non MMR case can be attributed to a simple linear generator which doesn’t have the capability
to rectify the angular motion of the shaft and hence, as soon as the speed bump reaches the bottom
limit, the shaft, along with the pinion and rack assembly, stops moving and generator generates no
power until, the vehicle completely passes over the bump cover and the rebounding process starts
again. In Figure 6-3, there are two peaks which highlight two way motion of the harvester. First
peak is because of the down stroke, and the second peak of the power is up stroke or rebounding
of the bump cover. As we can note, the area under the curve is larger in case of MMR enabled
harvester at both the speeds. By integrating the curve in both the cases, the area under the curve,
or energy, is at least 3-4 times higher in case of MMR enabled system. Hence, MMR has a due
advantage over the conventional non MMR/Linear generator type harvester which is claimed in
the previous research[78].
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(a)

(b)
Figure 6-3 power generation in MMR and Non-MMR case at (a) 2 MPH (b) 5 MPH

Similarly, at 5 MPH, the result is the same results are occupied. Figure 6-4 indicates the
dynamics and the energy harvested at 5 MPH.
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(a)

(b)
Figure 6-4 simulation results for the speed bump displacement, sprung and un-sprung
mass of the quarter car model at 5 MPH with (a) MMR (b) Non-MMR
Now, as the effectiveness of MMR in the energy harvesting is confirmed, the effects of
speed bump energy harvester is studied extensively in the following section 6.2. For this, the half
car vehicle model has been selected for the study as illustrated in the Figure 4-9 in chapter 4.
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6.2

Effects of energy harvester on half car vehicle dynamics
As it is ascertained by simulation in the previous section that MMR has a huge advantage

of generating more power as compared to a non-MMR or linear generator case, it will be intriguing
to simulate the system close to real scenario. For this purpose, the half car model is used for the
study and the impact of speed bump energy harvester is studies in more depth in this section. The
overall system is represented in the Figure 4-9 in chapter 4. The parameters of different vehicles
types have been taken from the literature [39]. Speed bump parameters remain the same.

Table 6-2 Parameters for half car model of class D (Mid-size sedan)
Parameters

Notation

Value

Unit

Sprung mass

Ms

1527

kg

Front tire mass

Mt1

100

kg

Rear tire mass

Mt2

80

kg

Front suspension Stiffness

Ks1

30000

N/m

Rear suspension Stiffness

Ks2

30000

N/m

Front tire stiffness

Kt1

220000

N/m

Rear tire stiffness

Kt2

220000

Front suspension damping
coefficient
Rear suspension damping
coefficient

Cs1

3500

N-s/m

Cs2

3500

N-s/m

Front tire damping coefficient

Ct1

0

N-s/m

Front tire damping coefficient

Ct2

0

N-s/m

Gravitational constant

g

9.8

m/s

Gear Ratio

n

50 to 1
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2

6.2.1 Tire deflection

(a)

(b)
Figure 6-5 Tire deflection at optimal speed of 7 MPH for (a) front tire, (b) rear tire
Figure 6-5 show the front and the rear tire deflection of the vehicle. As it is seen here that
as the velocity increases, front and the rear tire deflection drops from 0.07 in to a range of 0.03 in.
This occurring in the tires indicate that lesser deflection will be transferred to the sprung mass of
the half car model. It is validated in the following sections of body bouncing and pitching
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6.2.2 Tire deformation

(a)

(b)
Figure 6-6 tire deformation of the vehicle at optimal vehicle speed of 7 MPH of (a) front
tire, (b) rear tire
Comparisons of the front and the rear tire deformation is shown in Figure 6-6. Trend shows
that at higher velocities, the tire tends to absorb more compression due to speed bump profile shape.
It significantly increase from the mark of 0.02 in, at a speed of 2 MPH, to around 0.075 in at 15
MPH.
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6.2.3 Front and Back body deflection

Figure 6-7 Front and back body deflection magnitude

In figure 6-7, the dashed lines represents the rear portion of the vehicle and the solid lines
represents the front portion of the vehicle at various possible velocities. As the front portion, at all
the given velocities, travel through the bump, gains the height and rear portion drops the height
which makes sense. Trend shows that as the deflection magnitude is inversely proportional to
vehicle velocity.

The major aim of this simulation is to check whether there is any anomaly in the results. It
appears that, in the front and back body deflection, the maximum deflection occurs at the speed of
2 MPH. This behavior is assumed normal because at lower velocity there will be less energy
absorption by the damper and since at the given velocity, vertical velocity is also pretty low as
suggested in Equations (31)-(33).
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6.2.4 Bouncing and Pitching

(a)

(b)
Figure 6-8 Vertical displacements of the sprung mass in half car model where (a) is the
bouncing, and (b) pitching of the sprung mass
Figure 6-8 shows the bouncing and pitching behavior of the vehicle sprung mass. As
expected, the bounding and pitching in the vehicle reduced as the vehicle velocity increases as
most of the energy is absorbed by the vehicle dampers and not transferred to the sprung mass.
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6.2.5 Body Acceleration

Figure 6-9 vertical sprung mass acceleration of class D vehicle at various velocities
Body acceleration is one of the main criteria to study the effects of speed bump energy
harvester on the vehicle. Figure 6-9 shows the body acceleration of the sprung mass at different
velocities. One of the advantages of the speed bump energy harvester, as claimed in the beginning,
is that it uses the potential and kinetic energy of the vehicle to harvest energy. This means, that the
shock that is supposed to be absorbed by the vehicle suspension is absorbed by the harvester
instead. This results into decreased body vertical acceleration of the vehicle and thus, keeping rider
in the comfort zone for a wide range of velocities.

Figure 6-10 Vertical acceleration for all classes of vehicles at 15 MPH
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In previous literature, it has been mentioned a lot of times, that speed bumps pose a threat
to the rider driving the vehicle as it is, geometrically, more aggressive than the humps since they
are short and provide an immediate vertical challenge to the vehicle causing a considerable damage
to the vehicle and the rider if the vehicle is driven at a large speed[79] since it is mainly used to
check the vehicle speed within 5 MPH. The main advantages of the speed bump energy harvester
is supposed to take care of this issue by resolving the energy transfer from tires to the vehicle body.
Instead, the energy that is supposed to be transferred to the vehicle body is absorbed by the
harvester to produce more power. Figure 6-9 suggests and validates the hypothesis. It is seen that
even at higher speed, as high as 20 MPH, the vertical acceleration of the vehicle sprung mass is
within the 1g limit.
6.3

Effects of Vehicle parameters on energy generation
The study of the energy harvester on the vehicle dynamics has been done in the previous

section 6.2. But it is important to understand the effect of different kinds of vehicles on the power
generation of the energy harvester. For example, a vehicle with a gross weight of 3000 lbs will not
have the same effect on the speed bump energy harvester as compared to vehicle with 5000 lbs.
This assumption leads to the study of the dynamics of the harvester on changing the model of the
vehicle.

For this simulation study, different classes of vehicles are taken into consideration from
the literature [39]. Vehicle class A, C, D, E, and F are considered for the simulation. Class A is a
small hatchback car, Class C is a mid-size sedan, Class D is full size sedan, class E is the SUV
vehicle and F is the 6 wheeled truck. The parameters for Class A- E are taken from the
literature[39].
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Figure 6-11 energy graph from class D vehicle at various possible velocities
The simulation study is performed on various classes of vehicles on different velocities on
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Figure 6-12 comparison of the peak power for various classes of vehicles at different
velocities
In Figure 6-12, it is seen that for various class of vehicles, the harvested peak electrical
power if different depending on the size of the vehicle. Hence, it can be said that the higher the
weight of the vehicle, more peak power can be harvester out of harvester. It is important to know
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the energy and the RMS power obtained by the harvester. Figure 6-13 (a) and (b) show the

Energy (Area under the power curve)

simulation result of the harvested electrical power in terms of total energy and RMS value.
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Figure 6-13 Total energy graph vs Vehicle velocity, (b)- RMS Power vs Vehicle velocity
graph.
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In the Figure 6-13 (b), the maximum RMS and peak power is obtained around 7 mph. It
suggests that the maximum power which can be harvester comes at around the 7-10 mph vehicle
velocity range from all classes of vehicles. Hence, it is important to see whether around this
velocity, what is the influence of the external load i.e. external resistance since the expression of
the power generated is given as in Equation (44). The study of the effects of external load is done
in the next section.
6.4

Effects of external load on energy generation
It is known that the external load is indirectly proportional to the electrical damping as

described in Eq. (44) in the previous section. Therefore, higher the external load, lesser will be the
electrical damping and hence, power generation. In this section, the effects of external load on
energy generation is studied with the help of simulation. For the simulation, the velocity of the
vehicle is kept around 7 -10 mph which also should be the optimal velocity range for the power
generation.

Figure 6-14 Electrical power at different external resistance.
6.5

Effects of the equivalent mass and flywheel on energy harvesting
The effects of a flywheel must have an effect on energy generation. Although, the prototype

built for the testing doesn’t include a flywheel, it would be important to know its effects on energy
generation. For that purpose, a theoretical model of the equivalent mass in Equation (4) is added
with a inertia of the flywheel. Therefore, Equation (4) would change to;
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M eq 

( I s  n2 ( I g  I f ))
r2

(50)

Where, If is the inertial mass of the flywheel, r is the radius of the driving shaft, Ig is the
inertial of the generator rotor and n is the gear ratio. Inertial mass, If, is calculated by
If 

1
MR f 2
2

(51)

Where, Rf is the radius, and M is the mass of the flywheel. Class D, which is the most
common vehicle on road, is used to study the effects of flywheel on the vehicle at 7 mph. This
velocity is selected for this simulation study because around 7 mph, we get the maximum rms
power. Hence it will be wise enough to see what would be the effect of the flywheel on the power
generation.
Since, there is not enough space inside the enclosure of the harvester, it is not possible to
increase the radius of the flywheel. Hence, to increase the overall mass of the flywheel, different
thickness of flywheel equivalent to masses, 1.5 kg, 2 kg, 2.5 kg, and 3 kg are used in the simulation.

Figure 6-15 Change in equivalent mass by changing mass of the flywheel
Eq . (47) shows the linear relation between the equivalent mass and the moment of inertia
of the flywheel, If, . Figure 6-15 shows the linear relation between the both. Increasing the flywheel
mass will result into a larger equivalent mass and thus, the energy output is significantly affected
which is seen in Figure 6-16
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Figure 6-16 Effects of flywheel mass onto the power generation- total energy
As we see in the figure, adding a flywheel doesn’t really helps getting more energy output,
instead, if the overall equivalent mass is decreased, the overall energy output increases. The
rectangular box in the Figure 6-16 represents range or region in which equivalent mass will yield
maximum overall energy output for all classes of vehicles.
6.6

Lab and in-field test results
As discussed earlier in section 5, the experiments are divided into two parts. Lab and the

in-field test. Since, the prototype is really big, it was virtually impossible to carry all preexaminations of the prototype outside of the lab environment. To measure the effectiveness of the
system, three people are made to jump on the cover in order to generate power in the harvester.
The output voltage in Figure 6-17 (a), verifies the effectiveness of mechanical motion rectifier
mechanism. The measure acceleration and displacement in Figure 6-17 (b) right, demonstrate that
the vertical vibration is much large than that in horizontal direction.
Despite the harvester is driven by weights of three persons with much lower force and
smaller amplitude, less than 10% of a passage car, the output voltage is still large enough with
peak voltage up to 60W as shown in Figure 6-18 (b), which lights up three 60W bulbs shown in
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previous section 5 in Figure 5-1. This regenerated energy power is much larger than the harvesting
capacity in almost all the current literatures reviewed in chapter 2. The resistor of 60W and 110V
lights is 201 Ohm. The current between two phases is measured using a 1 Ohm resistor as shown
in Figure 6-17 (a), and the external resistor of 202 Ohm, which is corresponding to the equivalent

Voltage 1 (V) Voltage 2 (V) Voltage 3 (V) Current (A)

damping of 213 N.s/m.
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2
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(b)
Figure 6-17 (a) Voltage and current in the external resistant of generator and Dynamic
performance. (b) Displacement and accelerations of the sprung mass

(a)
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(b)
Figure 6-18 (a) generated current and voltage between three phases of BDCL motor. (b)
Power generated between two phases

On the other hand, in-field test is carried out by mocking up the real scenarios of harvester
inserted between two wood trails to permit vehicle driving along and passing over the speed bump
energy harvester, as shown in previous section 5 in figure 5-4. A convenient test platform is
developed with speed bump for vehicle to pass through the speed bump as does on road. The
experimental results about the speed bump displacement and power are shown in Figure 6-19 and
Figure 6-20 respectively, in which the vehicle was driven in front and back directions so that the
front axles passed the speed bump energy harvester twice in opposite directions.

When the test car passes over the speed bump energy harvester, the measured displacement
of speed bump energy harvester is shown in Figure 6-19. The speed bump cover goes down
quickly reach to the bottom limiter from 3.138s and 3.374s and from 9.198s and 9.404s. The ac
generator of the MMR-based speed bump energy harvester rotates to produce electrical voltage
when the speed bump cover was pressed to move downward, as illustrated in figure 6-20 (a). The
regenerated voltage is shown in Equation (5). The calculated peak power from two terminals of
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the three-phase generator, as shown in figure 6-20 (b), can reach up to 541w and 646.6w with the
maximum voltage of 118v and 120v respectively. The total peak power of the whole generator
will be 3 x541~647w =937~1120w.

Figure 6-19 Displacement of the speed bump cover as measured by the laser
displacement sensor

Time (sec)
(a)
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Time (sec)
(b)

Figure 6-20 Total power generated between two phases of BLDC generator during the infield test (a) generated voltage (b) generated power
After the speed bump cover reaches its bottom limitation, it can’t move anymore as shown in
Figure 6-19; however, the generator shaft can still rotate freely with disengagement of one-way
clutch and continue producing electricity from the rotating inertia till the rotation stops, as shown
in Figure 6-20(b), which keeps generating the power until the rotation speed of the shaft dies out.
We can see that such working mechanism of MMR has the advantage in converting and storage of
the large-scale impulse vibration energy in short time and continuously producing electricity in
longer duration by continuous rotation of generator using disengagement of MMR, even though
the movement of the speed bump cover stopped.

After the vehicle tires pass the speed bump cover, the speed bump energy harvester cover was
rebounded upward by the forces from the four supporting springs from 3.42s and 3.672s and from
9.414s and 9.642s. When the cover moves upward, the one-way clutch in MMR is engaged and
drives the generator to produce electricity in the same direction as driven downward. When the
cover stops movement, the generator continuously rotates to produce more energy. As shown in
Figure 6 -20 (b) the harvested power from the rebounding motions can reach the peak power of
131W with voltage of 65V and 145W with the voltage peak of 68V respectively. We can also see
that the MMR has the advantages in producing electrical power by transferring both down and up
movement into unidirectional movement and regenerating more electricity. The recovered energy
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during this rebounding process is almost at the same level of 70V, which is determined by the
harvester parameters including the supported horizontal speed. Only the vertical dynamic
performance of speed bump energy harvester and vehicle is considered (according to the
experimental results in Figure 6-21 the vertical vibration is much larger than horizontal vibration).
The horizontal displacement of vehicle is calculated by

where V is the vehicle speed and

is the time after tires touch the speed bump cover.

Cover Acceleration (g)

t

x V t ,

Time (sec)
Figure 6-21 Speed bump cover acceleration
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Vehicle body acceleration

(a)

Time (sec)
(b)
Figure 6-22 accelerations of the vehicle sprung mass at 2 MPH(a) simulated result (b) infield test result
In figure 6-22, the range of vehicle sprung mass acceleration as calculated in the simulation
is strikingly close to the in-field test. This verifies the theoretical modelling and the approach
towards measuring the vehicle dynamics responses.

69

7 Conclusion and future work

In this work, a new speed bump energy harvester has been investigated and developed with
the scientific methodology and procedure. A thorough study of the speed bump and its geometry
is conducted and a way to harvest large scape electrical power is proposed. Since, vehicle dynamics
plays an important role in the development of such as energy harvester, the implications of such a
harvester on the dynamics of the vehicle is also studied in depth. The capacity of the speed bump
energy harvester to generate electricity is validated both by simulation and experimental data
which includes a lab test and an in-field test. MATLAB model has been built to investigate the
simulation results and is validated by the experimental data. In conclusion, it can be said that, the
speed bump energy harvester prototype which is built has a capacity to generate about 600 watts
of peak electrical power and about 200 watts of RMS power which can be further extended up to
1 kilo-watts of power.

The effectiveness of the mechanical motion rectifier design is concluded by comparing
areas under the curve of power generated by MMR based harvester and the traditional
electromagnetic harvester which suggests that MMR based harvester generates about 4-5 times
more energy, which demonstrates it advantages over traditional one for energy harvesting from
the pulse-like excitations. The presented novel speed bump energy harvester and its compact
structure can conveniently replace the existing traditional speed bumps with less impact to the
dynamics of the passing vehicles. The proposed speed bump energy harvester.is expected to
provide sufficient electricity for many road side devices like signs, monitoring sensor and so on,
which provide a cost-efficient energy source to supply electricity to intelligent transportation
system especially in the areas where power grid cannot be accessed economically.

This can be said that, the present prototype is the forerunning design of the future concepts
of similar speed bump harvester. This research opens a new area of research and invites the
researchers and engineers to work on it. There are several improvement opportunities that one
should think of. By investigating into following areas, the future scholar can extend the work to a
un-precedence level:
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1. Various parts have not been optimized in the research such as speed bump cover profile
It will certainly be an interesting area to explore and to optimize the various
component’s parameters to harness maximum power out of the harvester.
2. Since there are various small and big components involved in the development of the
harvester, and there is a large force and stresses involved in the individual components,
it will be interesting to perform stress analysis on critical components such as,
connecting rod, speed bump cover, base plate, and rack and pinion gear assembly. Their
failure modes can be looked into and the future scholar can work on improving the
overall efficiently of the device.
3. More in-depth analysis of the vehicle dynamics should be looked into. Tire dynamics,
which is not mainly focused here, can also be an interesting area of research.
4. Last but not the least, the more comprehensive and rigorous in-field testing is required
to analyze the real impact of the vehicle onto the speed bump energy harvester.
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