CHALMERS

UNIVERSITY OF TECHNOLOGY

Rotational vibration
energy harvester

Development of a system model to predict dynamic response of a rotational
electromagnetic vibration energy harvester

Master’s thesis in Electrical Engineering

MAX CHRISTENSEN
JONATHAN ULMESTRAND

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2021






Master’s thesis in Electrical Engineering

Development of a system model to predict dynamic response of a
rotational electromagnetic vibration energy harvester

MAX CHRISTENSEN
JONATHAN ULMESTRAND

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Electrical Engineering
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2021



Rotational vibration energy harvester

Development of a system model to predict dynamic response of a rotational electro-
magnetic vibration energy harvester

A Master’s thesis in Electrical Engineering

MAX CHRISTENSEN

JONATHAN ULMESTRAND

© Max Christensen, Jonathan Ulmestrand 2021.

Supervisor & examiner: Jonas Fredriksson, Department of Electrical Engineering
Supervisor: Andreas Vikerfors, ReVibe Energy

Department of Electrical Engineering
Chalmers University of Technology

SE-412 96 Gothenburg
Telephone +46 31 772 10 00

Cover: CAD model of the prototype designed during this master “s thesis

Gothenburg, Sweden 2021



Abstract

In industry today there is a need to supply wireless sensor networks with power without
having to draw cables or replace batteries. For some situations, a solution to this can
be found with the help of vibration energy harvesters. This technology harvest energy
from ambient vibrations, and the majority of the harvesters today uses a spring-mass
system. This project aims to explore the possibilities to in some cases instead, use an
eccentric mass to convert the vibrations into electrical energy.

A mathematical model was developed and the system dynamics were analysed by sim-
ulating the model in MATLAB with different system parameters. Based on the observa-
tions from the simulation results, a prototype was designed and developed to verify the
mathematical model. Results from the simulations and verification show that using an
eccentric mass to harvest energy from ambient vibrations is feasible. The bandwidth
of the rotational system exceeds the linear equivalent in some cases. Earlier research
describe a necessity to apply an initial angular velocity in order to achieve maximum
power output. This is viewed as a big challenge to overcome within the development
of rotational vibration energy harvesters. The simulations show however, that in some
specific cases the system could operate without initial energy.

Keywords: Energy harvesting, vibration energy harvesting, pendulum, eccentric mass,
wireless sensor network
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Introduction

In industry today there is a need to supply wireless sensor networks (WSN) with power
without having to draw cables or replace batteries. A solution to this is implemen-
tation of vibration energy harvesters. This technology harvest energy from ambient
vibrations, and the majority of the harvesters today uses a spring-mass system. This
project aims to explore the possibilities to in some cases instead, use an eccentric mass
to convert the vibrations into electrical energy.

1.1 Background

Within this section the interest in the technology is presented along with some ear-
lier research conducted on the field. Lastly, a previous study is presented that, similar
to this thesis, aims at researching the possibilities with a rotational vibration energy
harvester (VEH).

1.1.1 The industry’s and society’s interest in VEHs

A big part of the industry today utilises machines and large equipment in their opera-
tions. These machines and equipment require maintenance and service to function for
longer periods. To facilitate the maintenance there is an increased interest to measure
the status and conditions including wear on bearings, irregularities in noise, tempera-
tures and humidity [1, 2]. Implementing WSN is becoming more and more common,
to measure and monitor the condition of this equipment. With the information from
the WSN, it is possible to maximise the equipment lifetime, whilst minimising down-
time and maintenance-related accidents. This generates a higher degree of utilisation
of the resources. Another benefit is that accidents can be avoided which leads to an
increased safety towards humans that operate nearby the equipment [2].

Abig challenge with the implementation of WSN is however the requirement of a power
supply. Today the power situation is mainly solved by using primary or secondary bat-
teries [3]. This requires a high level of maintenance to ensure that the system can op-
erate as desired. The lifetime of the sensor nodes usually depends on the energy ca-
pacity of the batteries, so to prolong the lifetime of the sensor, another power source
is needed. Energy harvesting has recently attracted a lot of attention as a technology
that, in some applications, can solve the problems that battery-powered sensor nodes



1. Introduction

have [1]. This technology harvests energy from the ambient environment, such as heat,
electromagnetic waves or vibrations [4].

The majority of the vibration energy harvester (VEH) designs have been based on a
resonant single degree of freedom (DOF) mass-spring-damper system (see Figure 1.1).
This kind of system has a single specific operating frequency that is dependent on the
stiffness of the spring, resulting in the disadvantage that every VEH has to be designed
to operate at a specific frequency with a small bandwidth. If the environment vibra-
tions deviate from this operating frequency the output power from the system is greatly
reduced if not non-existent [5]. To resolve this problem, it was suggested to examine
the possibility to use an eccentric rotating mass that converts the vibrations into a ro-
tational movement, which in turn is converted into electrical energy.

Figure 1.1: [llustration of a single degree mass-spring-damper system

The previous development within the field of rotating energy harvesters is limited, so
this master’s thesis aims to further examine and develop the possibilities to harvest
energy from vibrations through an eccentric rotating mass.

1.1.2 Previous development within the vibration harvesting
technology

Along with the growing interest for WSN [2], the attention on vibration energy harvest-
ing applications have increased a lot the last few decades [6]. There are three different
principles that traditionally are used to transduce ambient vibrations into electrical en-
ergy, piezoelectric, electrostatic and electromagnetic [7-9]. Piezoelectric VEHs utilises
the vibrational energy to deform a piezoelectric material which generates a voltage
when stressed. The electrostatic principle uses the vibrations to pull apart and achieve
a displacement between two plates of a charged capacitor, which generates an alter-
nating voltage. Electromagnetic transducers utilises the vibrations to create a relative
movement between a permanent magnet and a coil to induce a voltage.
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1.1. Background

The standard linear products can produce output power in the range of 0.5-200 mW
[10] and operate on vibrations with frequencies between 10 Hz and 150 Hz and with
accelerations between 0.05 g up to 10 g. An example from [11], is the model D energy
harvester with an operating frequency of 62.5 Hz which is exited by sine vibrations with
an amplitude of 1 g. This harvester has 50 % of maximum power output or higher over
aresistive load of 1000 Q within an area with a bandwidth of 3 Hz.

The majority of the VEHs investigated during the literature study is based on a resonant
single DOF mass-spring-damper system. The principle of transducing vibrational en-
ergy into electricity through an eccentric mass is less explored. One of the most com-
mon technologies based on the rotational VEH principle is however to utilise the en-
ergy from human motions. The Seiko watch [12] is an example of an application with
this technology. The watch translates the motion of a human arm into a rotational mo-
tion that is converted into electrical energy that charges the watch battery. This system
is capable to generate typically 5 yW with a maximum of up to 1 mW under certain
conditions.

Although the principle of the Seiko watch is similar to the one suggested for this project,
human motions will generate different vibrations than machine powered applications.
The frequency of human motions usually ranges from 1-30 Hz whereas machine pow-
ered vibrations can range from 5 to several thousand Hz [13, 14]. The human motions
are also usually random, while industrial vibrations are more periodic [15].

Literature within the field of rotating vibration harvesters has been sparse during liter-
ature searches for this project. However, the dynamics of a mathematical pendulum is
a subject that has been studied for centuries. It has been studied by pioneer physicists
like Galileo observing the period time of swinging pendulums as well as more recent
studies seen in [16-22], among others.

1.1.3 Previous development of rotational vibration energy harvester

One promising study within the field of rotational vibration energy harvester is con-
ducted by Spreemann et al. in [23], also reviewed by Spreemann and Manoli in [3]. The
study cover modelling and simulation of two non-resonant conversion mechanisms
as well as implementation and verification through a fine-mechanical power genera-
tor prototype. The developed prototype with a volume of 1.5 cm?, generate a power
of 0.4-3 mW for vibrations with an amplitude of 100 um and frequencies ranging from
30 to 80 Hz. The model is compared to other similar models in several papers, see
e.g. [24, 25], and is presented as one of the most promising models in the aspects of
maximum output power density.

The significant difference between the two simulated models in the study [23], men-
tioned above, is the size of the harvester and mostly the pendulum length compared
to the vibration amplitude. The fine-mechanical system had a pendulum length much
longer than the vibration amplitude, while the Microelectromechanical system (MEMS)
mechanism had a pendulum with the length in the same order of magnitude as the
vibration amplitude. The two different mechanisms showed very different character-
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1. Introduction

istics in power generation. The MEMS mechanism did not require any initial angular
velocity but generated power from the vibration energy alone. The fine-mechanical
system on the other hand did not move into full rotations by the vibration alone, but
external energy had to be added to initiate the rotations. After an initial angular veloc-
ity, same as the vibrations, have been applied the pendulum rotated with an angular
velocity equal to the frequency of the vibrations.

One of the biggest possibilities with this conversion method of a VEH is according to
[23] that the power generation is effective for a wide frequency band. Other mentioned
advantages with this system compared to a resonant VEH, is that the transducer has
two degrees of freedom for conversion of energy and that higher and lower modes of
the vibration will be converted simultaneously.

Spreemann and Manoli [3] mention some challenges which are the main reasons why
they choose to not focus on developing this concept further. Their biggest argument of
exclusion is the necessity to apply an initial angular rate. This includes several compli-
cations and vulnerabilities to the system. The system requires an initial energy source
to be able to accelerate, but if the energy source is empty, the pendulum will not be able
to harvest the energy from the vibrations, and the system is no longer self-sufficient. To
be able to match the frequency of the vibrations, a sensor is needed to read the vibra-
tions, which additionally requires initial energy. They also mention that the generator
that transduces the rotational energy into electricity, needs to work as a motor, to be
able to apply the initial angular rate. This may limit the output energy in the generator.
Another challenge they mention is that the system is sensitive to quick changes in the
input vibration frequency, for example, gearshift in a car.

1.2 Aim

This project has aimed to develop a system model for a VEH that can harvest energy
from vibrations from the environment with the use of a rotating eccentric mass. The
rotation will in turn generate electricity by the use of induction. In order to specify
the goal further, three research questions have posed. These questions has served as
guidelines to help steer the investigation.

* In what situations is a rotational VEH preferable to a linear one, based on power
extraction and frequency bandwidth?

— If the rotational design is to be of any practical use, situations where this
design can outperform the current mass-spring systems need to be found
and characterised.

e What are the key characteristics that explain the differences in the performance
of the linear and the rotational principle of energy harvesting?

— Ifthe previous question revealed that the rotational design could be benefi-
cial, the differences between the different designs need to be identified. To
help with this it needs to be investigated why the two different types of har-
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1.3. Limitations

vester perform differently with respect to minimum vibration acceleration,
energy losses and frequency range.

* How can a rotational VEH be designed to maximise power extraction and fre-
quency bandwidth?

- To be able to answer this question the dynamics of the rotational mass need
to be investigated. This means that the parameters that govern the key
dynamics of the pendulum and how they can be tuned for maximum ef-
ficiency needed to be found.

1.3 Limitations

One simplification of the problem has been to use a stepper motor as a generator to
convert the mechanical energy from the rotations into electrical energy. This has elim-
inated the need to design and implement this part and leave more time for analysis of
the entire system. Since the efficiency and other relevant data for the motor is known
by calculations or measurements, a model for the entire system can be updated to fit
transducers with different properties.

There is a problem described Spreemann and Manoli [3] where the pendulum, for cer-
tain sets of parameters, needs to be accelerated from a standstill into a specific set of
states. This is so the system can rotate on its own and not oscillate. To solve this prob-
lem it requires that an external driving torque can be applied to the rotational axis to
steer the motion of the pendulum into a desired mode. Designing an external system
that can accelerate the pendulum up to the desired frequency, has not been within the
focus of this project, to make it more feasible with respect to time limitations.

This thesis generally focus on the mechanical dynamics of the pendulum system, and
how to maximise its kinetic energy based on different vibrations. The electrical aspects
of vibration energy harvesting is mostly disregarded as a lot of research in this field
already has been conducted.

1.4 OQOutline of the thesis

This thesis is divided into seven chapters, where chapter 2 to 5 consists of the method
and results of the project and the last two clarifies the discussion, conclusions and
recommendations.

Chapter 2 describes how theory is applied to the rotational vibration energy harvester
technology to achieve an accurate mathematical model of the system.

In chapter 3, the model is analysed by simulating the model in MATLAB with different
system parameters.

Based on the observations from the simulation results, chapter 4 describes the proto-
type development and design, which in chapter 5 is used for verification of the model.
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The discussion can be found in chapter 6 and finally the conclusions and recommen-
dations for further research in chapter 7.



2

Modelling of the transducer system

To be able to simulate the system, a mathematical model of the system was needed.
This model was expressed as a differential equation (see equation 2.12) that was calcu-
lated using Newton’s laws. In order to reason about how a generator might affect the
dynamics of the pendulum, a simple model of a DC-generator was calculated with the
motivation that these effects would be similar for other types of electro-mechanical
generators. Lastly, some reasoning about the energy input and output of the system
has been made.

2.1 The mechanical subsystem

(0,0) Vibrations displacement
* = Pendulum rod
Pendulum bob
u(t) O Suspension point

Figure 2.1: A model of a pendulum with a vertically oscillating suspension point

A mathematical pendulum, shown in Figure 2.1, can be described as a bob with mass
m at the end of a massless rod with length ¢ that is hanging from a pivot point. This al-
lows the pendulum to swing around the suspension point. The mass of the pendulum
bob is considered small enough that the movement of the pendulum will not affect the
vibrations. Any friction or other damping acting on the pendulum is modelled as vis-
cous damping. Using Newton’s laws, the angular acceleration of the pendulum can be

7



2. Modelling of the transducer system

written as a differential equation:

.. o1 :
) —]f((P, (/.).) = z(TdUP) + Tg@) + Tv(@) = 2.1)
=g+ Pg + Py

where ¢ is the angle and J = m¢? is the inertia of the pendulum, Ty, Ty and Ty, are the
torques exerted from the viscous damping, gravity and the vibrations onto the pendu-
lum and ¢q, Pg and ¢y are their corresponding angular accelerations. These accelera-
tions can be described in more detail.

The damping torque T4 can be modelled as a viscous damping, meaning that a con-
stant, yr, multiplied with the angular velocity results in the torque applied from the
damping. The transformation y from angular velocity to the angular acceleration by
the damping can then be written as

pa=—=-—-=-7¢. 2.2)
The constant y is henceforth referred to as the damping constant.

The gravity will affect the pendulum by exerting a downward force on the pendulum
bob. This will result in a torque around the suspension point of the pendulum which
will result in an angular acceleration.

E _mglsin(¢) g

g = 7 p— 7 Sin@) (2.3)

Combining equation 2.1 with equations 2.2 and 2.3, the total acceleration of the pen-
dulum becomes

$=-7¢-Zsin@)+ .. (2.4)

If the position of the suspension point of the pendulum oscillates vertically by

Ay
u(t) = -—— cos(wt) (2.5)
w

were, Ay is the amplitude of the acceleration and w is the frequency of the vibrations.
The corresponding acceleration of this oscillation translates to the angular accelera-
tion of the pendulum according to

J me?

DL L inysin (26

by
Combining equation 2.6 with equation 2.4 it is clear that the pendulum dynamics can
be described by

. 1

b =—yd—Esin(@) + —ii(r)sin(e) =
f ¢ 2.7)

—yd— 7 (gsin(¢) — Ay cos(wt)sin(¢))

8



2.1. The mechanical subsystem

In a similar way, a system with a suspension point that oscillates horizontally according
to

Ay .
v(t) = —Zsm(wt) (2.8)
w

with the acceleration A, can be described by modifying equation 2.4 in the following
way:

. 1
b=—yp- %gsin«p) +4(1)cos(p) =
2.9)

.1
—yp— 7 (gsin((p) + A, sin(wt) COS((l))).

With both vertical and horizontal oscillations of the suspension point, the system equa-
tion becomes

. o1
G=—yp- 7 (gsin(¢) — ii(2) sin(¢p) — ii(t) cos(¢h)) =
(2.10)

.1
—yd-— 7 (gsin(¢) — Ay cos(wt) sin(¢) + Axsin(wr) cos(¢p))
If the vibrations are circular, one can describe the system as in Figure 2.2 by considering
A=Ay, = A, (2.11)

Equation 2.10 can then be simplified into

1
¢=-r$-(gsin(g) + Asin(wr - ). (2.12)

The systems described by equations 2.10 and 2.12 cannot be analytically solved, so
simulation must involve solving these equations numerically.

(0,0) Vibrations displacement
* ' m Pendulum rod
| | Pendulum bob
k/wt O Suspension point

Figure 2.2: Pendulum with a suspension point that moves in a circular trajectory



2. Modelling of the transducer system

2.2 The generator subsystem

The damping constant y describes the friction and heat losses from both the mechani-
cal and the electrical subsystems and the characteristics of the generator. The damping
constant can then be divided into a mechanical part y r and an electrical part y as:

Y=Yr+YE (2.13)

While the mechanical friction is considered constant, the damping produced by the
generator can be estimated in more detail. A simple permanent DC motor model is
chosen because of its simplicity and because most generators use the same principles
to operate. The relation between the angular velocity ¢ of the mechanical axis and the
generated electric voltage V for an ideal DC generator is described by

V =KB¢ (2.14)

where K is a constant dependent on the generator design and B is the magnetic flux
from the magnets. For an ideal generator, the relation between the current I and the
developed damping torque T, shown in equation 2.15, is the same as between the an-
gular velocity and and the generated voltage in equation 2.14.

T=KBI (2.15)

Combining these two equations together with Ohms law V = RI where R is the total
resistance in the circuit, one can find an expression for the damping torque expressed
as a function of the angular velocity.

_ (KB)?

=" (2.16)

Dividing the torque by the inertia of the pendulum (J) yields the acceleration produced
by the damping. The component y of the damping constant y can then be written as

. (KB?. T

YED RJ b= 7 (2.17)

2.3 Energy in rotations

The rotational kinetic energy of the pendulum can be expressed as

1 .
Erot = 51¢2 (2.18)

meaning that in order to maximize the possible energy output, the angular velocity
need to be maximized. Since the electrical power produced over a resistive load Ry can
be expressed as

Po = Vg, 1 (2.19)

where Vg, is the voltage over the load. This means according to the proportional rela-
tion between electrical current and damping torque in equation 2.15, that the damping

10



2.3. Energy in rotations

torque will then increase proportional to the current.

The energy input and output of the pendulum subsystem can be viewed as the three
torque components in equation 2.1. Here the torque from the vibrations is what is
giving energy to the pendulum. The torque applied from gravity will not change the
energy levels over time more than that it will store and release potential energy as the
pendulum bob moves vertically. This means that the energy that is taken from the sys-
tem is taken from friction and the reverse torque produced by the induced current in
the transducer.

Looking deeper in to equations 2.10 and 2.12 the maximum power transfer with the

largest possible damping constant can be found when the phase of the pendulum lies
90° behind the vibrations.

11



3

Analysis of the transducer system

In order to examine how the system would respond for different parameter values,
equations 2.12 and 2.9 were simulated by solving the differential equations numeri-
cally with the ODE45 function in MATLAB. The simulations enabled efficient analysis
and testing of the system as several of the different parameters could be run at once.
The purpose of the simulations was to examine how the system would respond for
different parameter values in order to maximise the harvested energy as well as iden-
tifying any obstacles that might lay in the way of this goal. If different initial values led
to different steady state trajectories, or attractors, these sets of initial values, or basins
of attraction, were also identified.

The simulations have shown that the pendulum can exhibit several different types of
trajectories depending on the different parameter values (see Figure 3.1). These trajec-
tories include rotations of the same frequency as the vibrations, rotations with half the
frequency of the vibrations and oscillations around the downward hanging position.
The pendulum can also move in trajectories described as chaotic which in this thesis
means that the pendulum switches between rotations and oscillations. This can hap-
pen for both linear and rotational vibrations, labelled as "Single axis chaos" and "Rotat-
ing chaos" respectively in Figure 3.1. No more formal definition of chaotic movement
is made in this report.

200
40
00 e N |
I 20
= 2 P
S o 3 0
5 e
< IS
< =-20r
-100 - 2
c
— Oscillations ——Single axis chaos < .40 | |~ Oscillations ——Single axis chaos
200 | |~ Forward rotations - Rotating chaos — Forward rotations Rotating chaos
Backward rotations —— Half speed rotations Backward rotations —— Half speed rotations
: : : ) -60 : : ; )
0 0.5 1 15 2 0 0.5 1 1.5 2
Time [s] Time [s]
(a) Angles over time (b) Velocities over time

Figure 3.1: Examples of different types of trajectories that the system can exhibit.
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The initial parameter values for these simulations, henceforth referred as the nominal
system, can be seen in Table 3.1. They were mostly chosen as what was considered
reasonable values for a possible prototype with consideration taken for what could be
tested on available equipment. The vibration amplitude and frequency were chosen
from data from what could be a possible real world application for this type of har-
vester [26]. Parameter sweeps were then performed by changing a single parameter
and plotting series of plots with mean angular velocity plotted as a function of initial
conditions for the different parameter values.

These simulations were performed for both rotational vibrations when the suspension
point moves in a circle and, for some tests, vibrations along one axis. The reason for
investigating the rotational vibrations more is that the linear vibrations are more inves-
tigated in the literature [16-22]. In the case with vibrations along one axis, the initial
damping constant was halved in order to keep similar movements of the pendulum
as starting points for the simulations. This was because there is less energy in linear
vibrations compared to rotating ones of the same frequency and amplitude.

Table 3.1: Initial parameter values for the simulations.

Pendulum rod length (¢) 50 [mm]

Pendulum bob mass (m) 27 [g]

damping constant (y) 2 [s™ ] (rotating vibrations)
damping constant (y) 1 [s~!] (linear vibrations)
Vibration acceleration (A4) | 2 [g]

Vibration frequency (w) 15 [Hz]

0.01 - i
0.005 i
E o ]
-0.005 | i
-0.01 1 ~--- vibrations displacement | |
pendulum arm
@ pendulum mass

-0.01 -0.005 0 0005 0.1
[m]

Figure 3.2: Example of a single time step of the simple pendulum simulation with
vibrations displacement, pendulum rod and pendulum mass.
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3. Analysis of the transducer system

To begin with, the system model described by equation 2.10 was simulated in MAT-
LAB and a simple plot of the position of the pendulum relative to the vibrations was
animated. This was in order to get a simple and clear view of how the system trajecto-
ries would develop with different parameter values. An example of how the simulation
looks can be seen in Figure 3.2. These animations of single trajectories of the system
have been used throughout the tests as a way of verifying the results from other simu-
lations.

In order to test the model for a larger number of trajectories, the angular velocity and
the angle were plotted against each other and separately over time for a range of ini-
tial angles and angular velocities. These plots were used both as ways of showing the
different types of pendulum movements and as ways to estimate how long time the
simulation needed to run in order for the trajectories to their respective attractors.

3.1 The nominal system

— Rotations
— Oscillations

N
o

-

Angular velocity [Hz]
(= =
o o

4

m— Rotations
mm Oscillations

o

Angle [rad]

. . (b) Trajectories over last three periods of
(a) Basin of attraction

simulation
300 —, 40
— Rotations T \
| |=——Oscillations = i
g 200 Vibrations .*;g 20
© 100 T 0
S s
< S 20
(o)}
— <
-100 —— : -40
o o5 1 15 2 25 3
Time [s] Ti
(c) Angular velocities over time (d) Angles over time

Figure 3.3: Simulation results from simulating multiple trajectories with rotating
vibrations and different initial values. Different colors indicate different attractors.
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3.2. Changing the damping constant

mm Forward rotations
we Backward rotations

mmmm Oscillations

Angular velocity [Hz]
Angle [rad]

= Forward rotations == Backward rotations
-400 b = Oscillations Vibrations
: : .

0 0.5 1 1.5 2 2.5 3 3.5 4
Time [s]

(b) Angles over time

Angle [rad]
(a) Basin of attraction

Figure 3.4: Simulation results from simulating multiple trajectories with linear
vibrations and different initial values. Blue, red and greed trajectories correspond to
different attractors.

One conclusion from the single trajectory plot was that if the system landed in rotating
or oscillating trajectories depended heavily on the initial angle and velocity. To get
a better understanding on what initial conditions lead to what kind of behaviour the
mean velocity for the simulations was plotted as a function of the initial values. The
first part of the simulations was discarded in order to let the results converge to their
resulting trajectories.

When examining the different plots over the angle and angular velocity seen in Figures
3.3 and 3.4, the colors show three stable types of trajectories for the nominal system
with parameters shown in Table 3.1. Two with full rotations, one in each direction, and
one with oscillations around the downward hanging position. The system rotates in
only one direction when subjected to rotating vibrations and in two directions when
subjected to linear vibrations. Since the kinetic energy of the system scales with the
square of the angular velocity it can also be concluded that the full rotations are a more
attractive mode since it has the higher mean angular velocity.

3.2 Changing the damping constant

One parameter that could potentially affect the system performance was the damping
constant. Simulations were therefore ran when the damping constant was changed
while the other parameters were kept as the nominal system parameters shown in Ta-
ble 3.1.
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3. Analysis of the transducer system
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Figure 3.5: Color coded mean velocity as a function of initial angle and angular
velocity.

When the damping constant is increased the basin of attraction for rotating solutions
decrease in size until all the trajectories end in oscillations at a damping constant of 5
s~!. When the constant is decreased the basin of attraction for rotations increases in
size until the damping is set to zero meaning a system without any friction or torque
back from the generator. The system is not tested for negative damping. When the
constant reaches 0.7 s~! for the nominal system, trajectories with half the angular ve-
locity appears. Plots from simulations with different damping constants can be seen in
Figure 3.5.

3.3 Gravity dependence
One limitation of the plots generated from the tests is that because of the gravity af-
fecting the pendulum, they are also dependent on the initial angle of the vibrations.

For a given initial pendulum angle, the vibrations could start at any angle. This could
potentially make the basin of attraction change shape depending on the initial angle of

16



3.4. Chaotic motion

the vibrations. To investigate how the gravity affects the system, the basin of attraction
was plotted for different initial vibration angles.
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Figure 3.6: Basin of attraction for different initial phase of the vibrations.

In equation 2.12, the maximum acceleration from the gravity can be calculated as g/¢
and the maximum acceleration as A/¢. The vibration acceleration for the nominal
system is A = 2 x g meaning that the gravity can stand for one third of the total driving
acceleration applied to the pendulum. However the results seen in Figure 3.6 show that
the shape of the basins of attraction for different initial vibration angles is mostly the
same.

3.4 Chaotic motion

According to Spreemann et al. [23], the pendulum trajectories become chaotic if the
pendulum rod length is of the same order of magnitude as the displacement of the
vibrations. The nominal vibrations used in the simulations have a displacement of
Alw? = 2.2 mm. When the length of the pendulum was changed to the same, the tra-
jectories became chaotic. This type of behaviour of the system was further investigated
as seen in Figure 3.7. Here all the tested trajectories with rotational vibrations and dif-
ferent initial conditions achieve net rotations when in this mode but the mean angular
velocity is calculated as 10 Hz compared to the rotations 15 Hz. Linear vibrations does
not give net rotations in this manner as seen by the difference in both angle and mean
angular velocity in Figures 3.7 and 3.8. However, when investigating the RMS value of
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3. Analysis of the transducer system

the velocities in the linear and rotating case the two cases have 19 Hz and 18 Hz RMS
value respectively.
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Figure 3.7: Simulations with rotating vibrations and with the parameters in Table 3.1
except for the pendulum rod length which is shortened to 2.2 mm.
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Figure 3.8: Simulations with linear vibrations and with the parameters in Table 3.1
except for the pendulum rod length which is shortened to 2.2 mm.

If for example an AC-generator is used where the mean output voltage would scale with
the mean of the absolute value of the angular velocity of the pendulum, the direction of
the rotations would be irrelevant. Calculating this average angular speed of the chaotic
trajectories above result in an average angular speed of just above the vibrations at 15.3
Hz for the linear rotations and 15.5 Hz for the rotational vibrations.

Figure 3.9b shows how the chaotic system for linear vibrations depend on the initial
values. The results show that all trajectories have a mean absolute angular velocity
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3.5. Bandwidth

that is similar to the vibration frequency. This can be compared to figure 3.9a where
the same analysis for the nominal system can be seen.
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Figure 3.9: Color coded mean absolute velocities for different initial values for the
nominal and the chaotic system with single-axis vibrations.

3.5 Bandwidth

Since one of the proposed benefits of a rotational design is that the system can handle
vibrations of a larger bandwidth than the traditional single axis, resonant VEH can,
simulations were performed in order to verify this. One problem with calculating the
bandwidth for this system is that when the frequency of the vibrations changes, either
the amplitude or the displacement or both has to change as well. This is because they
depend on each other according to

A=wd (3.1)

where d is the displacement. To investigate the results of keeping either the displace-
ment or the acceleration constant, both cases were simulated for different frequencies.

When investigating these cases, one upper and one lower limit was found. The upper
limit was found when keeping the vibration acceleration constant and increasing the
frequency. Here the basin of attraction for the rotating trajectories decreased until all
initial states ended up in oscillations around the downwards hanging position. The
last integer frequency with full rotations was found at 31 Hz. The lower bound was
found when the displacement of the vibrations was kept constant and the frequency
was lowered. Here the basin of attraction decreased as well until there only existed
oscillations. The lowest integer frequency found with full rotations was at 7 Hz. The
basin of attraction for these two frequencies can be seen in Figure 3.10.
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3. Analysis of the transducer system
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Figure 3.10: Basin of attractions for last integer frequencies before all initial states
result in oscillations.

When keeping the acceleration constant and decreasing the frequency, the basin of
attraction grows until the oscillating trajectories disappear. At 5 Hz all the initial con-
ditions lead to fully rotating solutions and at 3 Hz all the trajectories experience chaotic
movement with net rotations with an angular velocity of 2 Hz (see Figure 3.11).
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Figure 3.11: Pendulum angle from simulations with nominal system and constant
vibration acceleration and decreasing vibration frequency and displacement.

Simulating when keeping the displacement constant and increasing the frequency also
results in an increasing basin of attraction. The oscillating trajectories does however
not disappear for the frequencies tested (<150 Hz).

To get a better understanding of how the different parameters affect the system in
terms of the two states rotations or non-rotations (oscillations), simulations were run
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3.6. Changes in vibration

where the damping was initially set low and then increased to a point where the rota-
tions stopped to occur (see Figure 3.12). The highest damping that resulted in rotations
for each set of parameters, and for at least one of the initial values, is represented by the
lines. This means that below the limits there are cases where the system shows contin-
uous rotations, and above the lines there are no initial value that resulted in rotations.

4 6 8 10 12 14 16 18 20
Frequency (Hz)

Figure 3.12: Parameter limits between regions where the initial conditions can result
in continuous rotations (below the limits) and where all the initial conditions result in
oscillations (above the limits).

3.6 Changes in vibration

Another aspect of the system’s property to handle different vibrations is how it handles
changes in vibration frequency while the pendulum is rotating. This property has been
investigated by simulating the system for a specific frequency until the trajectories had
settled close to the attractor. Then the frequency was changed by a discrete step.

When simulating the step change in frequency in Figure 3.13, it can be seen that the
nominal system can handle step changes in vibration frequency of up to 3 Hz. This
can be viewed when simulating a discrete change in frequency as two systems with
different frequencies and using the final states for the first system as initial values for
the second. If the trajectories from the first system are within the area of attraction of
the second, the trajectories will settle in rotations for the new system.
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3. Analysis of the transducer system
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Figure 3.13: Simulation results for the nominal system with frequency increases of 3
and 4 Hz during simulation.
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4

Implementation through prototype
design and development

To verify the mathematical model a physical test rig was designed (see Figure 4.1). With
this rig the damping of the system, partly from parasitic loss and partly from the damp-
ing of the generator, could be measured and then used in the mathematical model. The
test rig was designed to make it relatively simple to test and change different parame-
ters, such as different pendulum lengths and generators.

The prototype can be divided into different subsystems: the pendulum that transduces

the vibrations into rotations, the generator that converts the rotations into electricity
and the fixture that enable these parts to work as intended.

Figure 4.1: Rendering of the assembled prototype excluding the electronics
subsystem.
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4. Implementation through prototype design and development

4.1 The pendulum subsystem

The pendulum length was considered to have a big impact on the power output of
the VEH. A maximum pendulum length was set to 50 mm, so that the sideways forces
would not cause any damage on the testing equipment. It was desirable that the pen-
dulum length and mass easily could be changed, for a flexible and easy verification of
the different parameters. To simplify the calculations, the mass of the pendulum rod
needed to be negligible compared to the mass of the pendulum bob.

When the critical requirements of the pendulum was identified a design was presented
where the pendulum rod consisted of a plate with a groove and the bob consisted of
a threaded bar and nuts, which could slide in the groove and get fixed at a desired
pendulum length. A CAD model of the design was created in the software Catia, which
enabled further requirement generation and improvements (see Figure 4.2). As the
pendulum rod needed to have as low mass as possible, the material chosen for the
rod was a polymer, based on its mechanical properties. The part was 3D-printed to
finish the prototype as quickly as possible. With the M6 nuts attached, the minimum
pendulum length was 13 mm and the maximum 50 mm.

(a) The the maximum length of the (b) The different parts of the pendulum
pendulum was designed to 50 mm. subsystem.

Figure 4.2: The pendulum subsystem design.
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4.2. The generator subsystem

4.2 The generator subsystem

As described in the limitations the conversion from rotations to electricity was limited
to an off the shelf generator. From the simulations it was determined that the initial
conditions have a huge impact on the possibilities for rotations, so angle and angular
rate measuring was considered necessary. A unipolar permanent magnet stepper mo-
tor, listed in Table 4.1, was chosen as a generator to fulfil these requirements. It was a
6 lead, Premotec, ST32 UNI Stepper Motor with a step angle of 7.5° and four phases,
meaning 12 voltage peaks per rotation on one phase [27].

Table 4.1: Technical data of the stepper motor [27]

ST32 UNI Stepper motor
Type Unipolar stepper motor
Step angle 7.5°

Resistance per phase (Rp) | 120Q
Inductance per phase (Lp) | 160mH
Number of phases 4

Rotor inertia 0.0026kgcm?

Figure 4.3 illustrates the six leads from the stepper motor, where red is common, and
gray and yellow represent each phase.

Stepper motor

Rp
Gray i
. Red
Yellow
L — —
i
Rp
Lp Lp
7 7
_ Gray
~ Red
=Ye||OW

Figure 4.3: Circuit of the stepper motor with the six leads where Rp is the resistance
and Lp is the inductance per phase.
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4. Implementation through prototype design and development

4.3 The suspension subsystem

To reduce parasitical damping in the system, the generator was designed to be imme-
diately fixed on the same rotation axis as the pendulum. A threaded bar was chosen for
the axis to enable quick adjustments of parameters during verification.

The fixture of the test rig was designed accordingly with the requirements in Catia and
then 3D-printed to quickly get a prototype ready for verification. It was designed so
that two bearings could be interference fitted into the fixture, to enable rotation of the
threaded bar. Holes in the bottom of the fixture enabled fixing in the shaker table with
four screws, during verification.

A different stepper motor, than the final one, was originally used as a generator. The
original stepper motor had different dimensions of the fixture holes than the final,
which lead to that the new stepper motor could not be fixed in the original holes of
the fixture. A connection part was modelled and then FDM 3D-printed to enable fixing
of the new stepper motor.
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5

Verification of the model and the design

To verify the quality of the mathematical model and to detect any unanticipated phe-
nomena, the physical prototype was tested in real life environment. The verification
phase consisted of three different tests, and has acted both as a proof-of-concept and
a process to understand and develop the system further.

During the verification the verification phase monitoring of the system was performed
by measuring the output voltage from the stepper motor with an Arduino Mega, if
nothing else is stated. This enabled reading and storing voltage and elapsed time,
which could be used in MATLAB to calculate the pendulum angle and angular veloc-
ity over time. The analog input port on the Arduino could only read positive voltages,
while the voltage from one phase of the stepper motor was an alternating voltage with
zero mean. The negative voltage values was therefore ignored which is why the figures
illustrating voltages readings in this chapter only depicts positive voltages. The voltage
was only read over one phase on the stepper motor due to that increasing the amount
of analog readings for the Arduino decreased its sampling frequency.

To maximise the output power from the generator, the maximum power transfer theo-
rem [28] states that the resistive load must equal the resistance in the generator. Figure
5.1 illustrates how the voltage V,,; was read over a restisitve load R;, that matched
the resistance per phase Rp of 1202 in the stepper motor, and where Lp is the phase
inductance.

Rp

Figure 5.1: Schematic of how the reading of the phase was performed during
verification.

As a way of verifying the model and obtaining a deeper understanding for the tests
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5. Verification of the model and the design

the damping constant for the prototype was estimated a number of times. The results
can be seen in Table 5.1 and the highest damping constant, along with the parameters
for the tests were inserted in the mathematical model. The basin of attraction was
simulated to better understand the results.

5.1 System test with spinning wheel

To be able to reason about the efficiency of this system, the output power was calcu-
lated. The pendulum was replaced with a homogeneous wooden wheel with a diame-
ter of 98 mm, a thickness of 16 mm and a mass of 80 g. The voltage was continuously
measured over a load resistance of 120 Q2 when the wheel was accelerated by hand and
then allowed to slow down by itself. The test was performed 4 times and the recorded
voltage over time for the last test can be seen in Figure 5.2.

N

Voltage [V]
[

0 5 10 15
Time [s]

Figure 5.2: Recorded voltage for the test with a spinning wheel.

Since the output voltage from one phase of the stepper motor is a sinusoidal signal and
therefore periodic, the frequency of the rotations can be estimated. This means that
the peak output voltage from one phase can be plotted as a function of the frequency.
This plot can be seen in Figure 5.3a. When the output voltage was found it then became
possible to calculate the output power over the load resistance. This can be seen in
Figure 5.3b. These plots are from the fourth test.
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5.1. System test with spinning wheel
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Figure 5.3: Stepper motor output values.

The frequency of the rotations for the fourth test was also plotted as a function of time
(see figure 5.4). Since the wheel was assumed to be homogeneous in mass, the applied
torque from the gravity and any potential vibrations would not affect the rotation of

the wheel. This meant that the system equation (see equation 2.12) could be rewritten
as

$=-yd (5.1)

Which was possible to solve analytically with the solution:

G(H) = p0)e" (5.2)
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Figure 5.4: Estimated frequency and least square regression for one estimation of
viscous damping constant.

Since the wheel was accelerated and then allowed to spin freely until it stopped, the
constant y could be estimated by fitting an exponential curve to the decelerating part
of the frequency estimation. Due to the fact that the damping constant is dependent
on the interia of the system (see equation 2.2), the damping constant was multiplied
with the inertia of the wheel and then divided with the inertia of the pendulum of the
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5. Verification of the model and the design

nominal system to be able to compare with the other tests and simulations. These
calculations were performed for the four different tests. During these tests the wheel
reached different maximum angular velocities. The results can be seen in Table 5.1.
There it can also be seen that the tests with higher maximum angular velocity also
have a lower estimated damping constant.

Table 5.1: Estimated values for viscous damping constant y for three different tests.

Test# | y [s™'] | Maximum w [Hz]
1 0.53 19
2 0.53 15
3 0.46 22
4 0.28 63

mean | 0.45

5.2 Test with vibrations generated by shaking table at
ReVibe Energy

Figure 5.5: Test rig at ReVibe Energy with prototype attached on the shaking table.

The second test was conducted at ReVibe Energy’s facilities, with the purpose to con-
firm the functionality of the prototype and test rig. A Controlled Vibration, Electrody-
namic Shaker (Model ED-5) [29] was used to generate vertical vibrations, which were
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5.2. Test with vibrations generated by shaking table at ReVibe Energy

measured with an accelerometer connected and stored to a computer (see Figure 5.5).
The voltage was read accordingly with Figure 5.1 and recorded. The vibrational fre-
quency was set to 14 Hz and the acceleration was slowly increased to 0.6 g, which was
the lowest frequency and highest acceleration that was allowed for the shaker table,
without risking any damage on the equipment. An initial angular rate of approximately
17 Hz was for multiple attempts, applied by hand to the system, to attempt to initiate
rotations. The frequency, illustrated in Figure 5.6 was calculated based on the voltage
data, generated by the stepper motor. The voltage was only stored from one of these
attempts so the initial angular velocity applied probably varied among the attempts.
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Figure 5.6: Pendulum frequency during test at ReVibe Energy

The pendulum length was initially set to the maximal value for the prototype of 50
mm. This length was decreased between the attempts until the minimum length of 13
mm was reached, but no continuous rotations were observed. When no attempts with
the stepper motor attached succeeded, the stepper motor was removed to reduce the
damping of the system, and increase the possibilities for continuous rotations. Despite
the absence of the damping from the stepper motor, no rotations were observed.

As Figure 5.7a illustrates, there is a low probability to achieve rotating solutions with
pendulum length 50 mm and initial angular velocity of 17 Hz. With the 13 mm pendu-
lum length, however, there is a higher probability to achieve continuous rotations with
this initial angular velocity (see Figure 5.7b).
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5. Verification of the model and the design
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Figure 5.7: Results from simulating basin of attraction for system with parameters
corresponding to the physical test with the shaking table.

5.3 Testwith vibrations created by shaking the
prototype on knee

To produce and measure vibrations that would lead to rotations of the pendulum, a
smartphone was taped to the bottom of the prototype and the harvester was held in
place on a knee in order to constrain the vibrations to only one dimension. The rig was
then shaken using a bouncing foot movement. To initialise continuous rotations the
frequency of the vibration was lowered and then accelerated up to approximately 6.5
Hz and lower amplitude.

An initialisation of continuous rotations can be seen in Figure 5.8b at about 12 sec-
onds into the test. The continuous rotations were maintained between the time 13
and 34 seconds, illustrated in Figures 5.8c and 5.8d. When continuous rotations were
achieved, the vibration amplitude and frequency was approximately 1.5 g and 6.5 Hz.
The mean peak voltage during the continuous rotations was 1.3 V.
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5.3. Test with vibrations created by shaking the prototype on knee
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Figure 5.8: Test data

The system was finally simulated with the measured values from the knee vibrations
and the results can be seen in Figure 5.9. The simulation shows that if the pendulum
manages to leave the basin of attraction corresponding to the low mean angular veloc-
ity, there is a higher probability to achieve full rotations.
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-3 -2 -1 0 1 2 3
Angle [rad]

Figure 5.9: Color coded mean angular velocity simulation with measured vibration.
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6

Discussion and future work

The study by Spreemann et al. [23] describes that performance in chaotic behaviour
depends heavily on initial conditions, but the results from this thesis, however, demon-
strates that the initial conditions almost have no affect on a chaotic system at all (see
Figure 3.9b). A non-chaotic system, however, as the nominal system for example, de-
pends heavily on the initial conditions illustrated in Figure 3.3a.

The simulations also show that the chaotic trajectories can be as good at translating
the energy from the vibrations into rotations as the non-chaotic ones. This can be seen
in the low dependence on initial condition and the high mean absolute velocity. One
thing to consider however is that the chaotic systems are the ones where the vibra-
tions have a large displacement in relation to the length of the pendulum. This could
make it difficult to use this type of system if the environment is vibrating with a lower
displacement.

It can be seen that the exponential curve fit in Figure 5.4 does not fit the recorded data
completely. For example the frequency of the wheel decays faster than the curve fit
for low frequencies, meaning that the damping constant extracted from the curve fit is
lower than reality in this region. One interpretation of this is that the damping in the
system does not result in an exponential decay of the angular velocity in this manner.
This is also supported by the trend that the estimated constant becomes lower as the
maximum angular velocity increases. However, the values extracted from the curve fit
are somewhat lower than the value used in the simulations (y = 2 [s~!] in the simula-
tions and has a mean estimated value of 0.45 [s~1]) meaning that the values chosen for
the damping can compensate for this error to some extent.

During the test with the shaking table at ReVibe Energy, the system did not rotate de-
spite the simulations showing that it is possible. There are some possible reasons for
why this is. One is that the damping estimated from the test with the spinning wheel
might not be correct. Another problem that was experienced during the test at ReVibe
Energy was that the shaking table did not produce vibrations in one direction. Due to
the motions of the pendulum, the table shook from side to side. The effect that these
side forces have on the pendulum is another uncertainty in the test.

One complicating detail for this kind of system is that the damping constant is reversely
proportional to the inertia of the pendulum as seen in equation 2.17. According to
this equation a system with a certain damping constant and a higher inertia in the

34



pendulum will be able to handle a higher breaking torque from the generator than a
system with a shorter or lighter pendulum with the same damping constant. A lower
damping torque means that the induced current from the generator will have to be
lower according to equation 2.15 which will lead to a lower power output.

When analysing the bandwidth of the system from the simulations, the basins of at-
tractions for the rotating attractors shown in Figure 3.10 are small compared to the
basins of attraction for the oscillating trajectories. This means that the initial condi-
tions required to achieve full rotations are more difficult to find. Since the basin of at-
traction become smaller and smaller the closer to the boundaries the vibrations move,
the rotations will become more and more difficult to find. Depending on how a sys-
tem designed to operate in this region will be initialised the practical bandwidth of the
system could be considered more narrow.

The resonant harvester has a single operating frequency with a certain bandwidth de-
pending on the parameters of the harvester and the amplitude of the vibrations. The
rotating harvester on the other hand has the advantage of being able to produce elec-
tricity at any tested frequency given that the amplitude of the system is strong enough
to drive the pendulum into rotations or chaotic motion.

The rotational harvester also seem to have an advantage in its ability to handle changes
in vibration. The results from changing the vibration frequency during simulation
shows that a rotational harvester can to some extent handle changes in the vibrations
while rotating. The tests have however only tested discrete changes in vibration fre-
quency so more testing is needed before implementing a rotational energy harvesting
system in an environment with changing vibrations.

The inductance in the stepper motor has not been used in the power calculations. This
has the implications that the power output most likely is lower than what has been cal-
culated since an inductance introduces a phase difference between current and volt-
age that has not been accounted for. This together with the choice of using a simple
stepper motor as a generator instead of the DC-motor used in the model, makes the
power calculations usable if viewed as a proof-of-concept. For more thorough estima-
tions on maximum possible power output from the electrical and generator subsys-
tems more work is needed.
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7

Conclusions

This thesis has presented modelling, analysis, prototype development and verification
of a rotational vibration energy harvester. As the simulations and the verification de-
scribes, it appear feasible to harvest vibrational energy with an eccentric mass.

The simulations show that this type of harvester is especially suited to operate in en-
vironments with large enough vibrations displacement that the system can rotate with
chaotic trajectories. This is because this mode does not require any initial torque to be
applied in order to reach the basin of attraction of the non-chaotic rotating trajecto-
ries. If the non-chaotic mode is to be used, further work needs to be done to identify
how such a start up procedure would be designed to minimise the energy needed to
reach continuous full rotations.

The rotational harvester is better suited for larger vibrations and lower frequencies
compared to the linear harvesters that excel in higher vibration frequencies. The rota-
tional harvester also has an advantage due to its ability to utilise vibrations from more
than one direction. With further research and development the rotational harvesters
can complement the linear to increase the application areas for vibration energy har-
vesters further.
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