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Abstract

Rotating components are found in a majority of modern industrial appli-
cations. As key parts for machinery operations, rotating components need to
be monitored in order to detect and prevent machine failures. This requires
various sensor devices, which are electronic systems that detect and respond
to physical quantities obtained from rotating components or their surrounding
environments

With the rapid development of semiconductor technology, sensor devices
have low power consumption, enabling energy harvesting to remove the de-
pendence on battery or wired power solutions and thus leading to self-powered
sensing applications. The kinetic energy of rotating components provides a
ubiquitous and stable energy source that can be exploited, resulting in rota-
tional energy harvesting as a promising solution to produce electrical power
for sensor devices.

The research in this thesis focuses on the rotational energy harvesting by
means of variable reluctance (VR) principle. In the literature, despite VR en-
ergy harvesting being a suitable candidate for the conversion of rotary kinetic
motion, a comprehensive study on this energy harvesting system is still lack-
ing. Moreover, low rotational speeds lead to a low level of extracted energy
and negative mechanical effects on the rotary host which makes the deploy-
ment of a VR energy harvesting to achieve a self-powered sensing applica-
tion in rotating environment challenging, requiring a closer investigation on
the design and implementation. Based on theoretical analyses and numerical
simulations, combined with experimental validations, this research expands
on the study of VR energy harvesting by exploring various structural designs,
introducing a systematical optimization, demonstrating a sensing application,
and investigating different circuits for AC/DC energy conversion to minimize
the circuit losses. The results of this research provide a guideline for enhanc-
ing the performance of VR energy harvesting in low-speed rotational appli-
cations, which expands the research field on energy harvesting for realizing
self-powered wireless sensing systems used in rotating environments.
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Sammanfattning

Roterande komponenter finns i de flesta moderna industriella tillämp-
ningar. Eftersom roterade komponenter ofta är kritiska i driften av mask-
iner måste roterande komponenter övervakas för att upptäcka och förhindra
maskinfel. Detta kräver olika sensorenheter, som är elektroniska system som
detekterar och reagerar på fysikaliska storheter som erhålls från de roterande
komponenter eller deras omgivande miljöer.

Den snabba utvecklingen av halvledarteknologin möjliggör sensorenheter
med låg effektförbrukning vilket också gör det möjligt med strömförsörjning
baserad på energiskörning som gör dem oberoende av batterier och trådbun-
den teknik. Den kinetiska energin som finns hos roterande komponenter utgör
en stabil energikälla som kan utnyttjas. Energiskördning av rotationsenergi är
därför en lovande teknik för att producera elektrisk energi för sensorenheter.

Den här avhandlingen fokuserar på energiskörning baserat på principen
variabel reluktans (VR). Trots att VR-energiskördning är en lovande kandidat
för omvandling av roterande kinetisk energi, saknas det från tidigare studier
rapporterad i litteraturen omfattande studier av den här typen av energiskörd-
ning. Dessutom leder låga rotationshastigheter till att endast låga energinivåer
finns tillgängliga för energiskördning samt negativa mekaniska effekter på
den roterande värden vilket gör utvecklingen av VR-energiskördning utmanande
för att uppnår sensorenheter som är självförsörjande på energi och kräver när-
mare studier i hur man ska konstruera och implementera energiskördare. Den
här avhandlingen bidrar till ökad kunskap om konstruktion och implementer-
ing av VR-energiskördare genom teoretisk analys och numeriska simuleringar
kombinerat med experimentella valideringar. Studier har gjorts genom ut-
forska olika mekaniska strukturer för VR-skördare, introducera systematisk
optimering, utforska kretslösningar för AC/DC-omvandling för minimering
av energiförluster samt demonstrera energiskördning för trådlös sensoren-
het. Resultaten presenterade i den här avhandlingen ger vägledning för att
uppnå bättre prestanda för VR-energiskördning vilket vidgar forskningsfältet
och användningsområdena för att realiserar självförsörjande sensorenheter för
trådlösa sensorenheter för roterande tillämpningar.
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Chapter 1

Introduction

Rotational energy harvesting is widely used due to the high availability
of mechanical rotational power in industrial environments. In recent decades,
with the development of low-power embedded sensors and wireless sensor
networks (WSNs), rotational energy harvesting has been attracting attention
for condition monitoring of numerous components, such as automobile tires,
bearings, and electrical machines. Harvesting rotational energy by means of
variable reluctance (VR) can achieve a robust power generator for the devel-
opment of rotor performance monitoring system used under harsh conditions.
However, in literature on the VR-based energy harvesting, only a few studies
exist and they are limited on high-rotational-speed applications, and a com-
prehensive research is lacking as well. This research aims to contribute to
a better understanding of designing high performance VR energy harvesting
systems targeting low-frequency-rotational scenarios. This chapter will pro-
vide an introduction to the research work by first discussing the background,
followed by the problem statement, the research aim and objectives, and fi-
nally by the research approaches.

1.1 Research Background

Energy harvesting is a process that extracts energy from a natural environment
or artificial resources and converts it into electrical energy for use in powering
electronic devices with a low power consumption up to a few watts. Examples
of such energy harvesting mechanisms are the photovoltaic effect [1], elec-
tromagnetic induction [2], piezoelectric effect [2, 3], triboelectric effect [4],
thermoelectric effect [5], or using hybrid strategies [6]. Each mechanism has
different working principles and harvesting capabilities, making an energy
harvesting design highly application-specific. The differences of harvesting
mechanisms dominate the performance of the energy transducers as well as
the entire energy harvesting systems [6–8].
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Figure 1.1: Common architecture of a self-powered sensor node

Harvesting energy from an ambient environment by using an appropriate
mechanism presented above is a viable means for powering wireless sensors,
which is an alternative or a complementary approach to the traditional power
supply methods such as wire-powered and battery-powered solutions. Thus, it
reduces the time-consuming and labor-intensive deployment and maintenance
of the wireless sensors, especially for remote or inaccessible locations. In
addition, it results in less toxic residues and environmental concerns due to
the disposal of batteries [9]. Moreover, it also may imply a self-powered
sensor node, a system that only relies on energy harvested from the ambient
environment [7].

Figure 1.1 shows the common architecture of a self-powered sensor node,
which can be viewed as a combination of an energy harvesting system and
its electrical load. The energy harvesting system consists of three main com-
ponents, namely the energy collection and conversion element (energy trans-
ducer), interface circuit, and energy storage device. The electrical load is
commonly a low-power electronic system, such as an Internet of Things (IoT)
node or a sensing system, and it requires a direct current (DC) input.

As shown in Fig. 1.1, the interface circuit is necessary to handle the power
requirement of and provide a stable direct current (DC) voltage to the load. In
a certain scenario, a miniaturized energy transducer is required to improve the
system integration to meet the scenario’s constraints, but results in a reduced
harvested energy as the transducer’s footprint scales down [10]. Moreover,
the input excitation for energy harvesting can be of low frequency and low
amplitude in some applications [9, 11]. Therefore, it can be challenging to
design an interface circuit with ultra-low intrinsic power consumption [10].
In most cases of electromagnetic and piezoelectric energy harvesting inter-
face circuits, a rectification circuit (AC-DC converter) is essential because
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1.1. Research Background

the energy transducer generates time-varying output voltages [2, 12–16]. Var-
ious topologies of rectification circuits are available in the literature, which
are from a classical one, a passive full-wave bridge rectifier consisting of
four diodes, to more advanced and efficient active rectifiers adopting intelli-
gent control units and controllable switching components such as MOSFETs
[17, 18]. The selection of different rectification techniques thus leads to a
trade-off among multiple design objectives, such as system efficiency, com-
plexity, and cost [13, 18]. In the interface circuit, the power conditioning
(DC-DC circuit) is important for efficiently utilizing the harvested energy. It
is responsible for multiple functions, including voltage level shifting, emu-
lating an impedance matching circuit, and controlling the energy flow from
the external storage (e.g., a supercapacitor or battery) to the electronic load.
Applying optimal designs and appropriate operating mechanisms on these
functions are important for maximizing the energy harvesting system perfor-
mance, leading to maximizing the extracted energy and energy transducer
utilization [13]. Eventually, this benefits to provide a sufficient energy with a
stable voltage level to the load.

In the design and implementation of an interface circuit, power conversion
efficiency (PCE), a metric defined as the average output and input power ratio
when the system runs in steady-state conditions, is often used to evaluate
the interface circuit’s performance [19]. Another metric is the ratio of the
actual output power of the interface circuit to the ideal maximum extractable
power of the energy transducer, which describes the capability of the interface
circuit for impedance matching with the energy transducer. Depending on
the definition found in literature, this metric is given various names, such as
power extraction efficiency (PEE) [20], power harvesting efficiency [21, 22],
end-to-end efficiency [23], or overall system efficiency [24, 25].

As presented in the publications reviewed in [15, 26, 27], as well as in
the articles reported by Fu et al. [28–30] in recent years, rotational energy
is one of the most useful sources for energy harvesting due to its availabil-
ity and abundance of rotational motions in many environments. Rotational
energy harvesting has also been extensively studied by investigating various
mechanisms and covering a wide area of applications. Rotational energy can
be (i) directly harvested from rotating objects, such as bearings, gears, and
rotary shafts, (ii) converted from vibrations and regular or random displace-
ments by various motion conversion mechanisms, or (iii) harvested from the
flow of fluids through a turbine machinery that turns translational kinetic en-
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ergy of fluid flow into rotational kinetic energy. Two popular mechanisms, the
electromagnetic induction and the piezoelectric effect, are used to convert the
rotational energy into electrical energy. Electromagnetic induction exploits
the relative motion between magnets and winding coils [12, 26]. Nowadays,
much attention has been drawn towards piezoelectricity – using piezoelectric
cantilever beam(s) plucked by a rotating structure – for rotational energy har-
vesting as it possess some inherent advantages, including high energy density,
simple structures, and ease of integration [15]. The energy harvesting capa-
bility of rotational energy transducers is influenced by many factors, such as
the size and operating bandwidth of energy transducers themselves and the
frequencies of energy sources. These factors depend on constraints and re-
quirements of actual application scenarios, resulting in rotational energy har-
vesting systems with power output variations in a wide range from nanowatt
to watt [15, 26–30]. One significant challenge to rotational energy harvesting
is that a rotating object operates at low frequencies, which requires the use
of approaches such as frequency up-conversion and multi-unit structures to
increase output power and power density [15, 28, 29, 31]. It should be noted
that applying multiple transducers not only increases a transducer’s output
power but also effectively reduces the cogging effect, a negative mechanical
effect that can cause acoustic noise, mechanical vibration, and speed ripples
for the rotary host especially at low rotational speeds [32–35].

Monitoring rotating elements is important to ensure the availability of ma-
chines by timely and proactive maintenance procedures. A monitoring system
requires various sensors to be deployed and in contact with rotating elements
to detect their events and changes. Classical applications are condition moni-
toring systems of bearings and rotating machines [36–39]. As mentioned be-
fore, the substantial level of accessible energies up to watt levels in the rotary
objects makes rotational energy a suitable power source in close proximity to
low-powered sensors. Being a local power supply, rotational energy harvest-
ing thus can supply sensors deployed on rotating parts, eliminating the need
for power cables and batteries and extending the lifetime of these electronic
devices. Consequently, without the restrictions of wires or batteries, the in-
stallation and future maintenance of sensors or WSNs therefore will become
less costly and less time-consuming. Moreover, this significantly maximizes
use of sensors, especially for on-rotor sensors, such as accelerometers, gy-
roscopes, and torque sensors, that should be placed on the rotating elements
[40–43]. As a result, a monitoring system can collect more accurate and real-
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Figure 1.2: General structure of a state-of-art variable reluctance sensor

time data regarding events and changes of rotating elements [44]. This is a
benefit to improve the safety, reliability and failure predictability of civil and
industrial systems.

In recent years, several studies have shown evidence that a VR sensor
structure can be used for rotational energy harvesting, exhibiting a promis-
ing power supply for low-powered sensors. VR-based sensing devices, such
as the speed sensor shown in Fig. 1.2, have been widely used in automotive
industries [45–47] due to their simple structure, low-cost, and high rugged-
ness. The VR principle is that, in a magnetic circuit, the permanent magnet
(PM) establishes a constant magnetic field while the magnetic flux is varied
as the reluctance changes. According to Faraday’s law of electromagnetic in-
duction, an electromotive force (EMF) is induced across a coil winding that
couples to the varying magnetic flux. To the author’s best knowledge, in the
field of energy harvesting, the study using a VR method is to only attempt to
tune the resonance frequency of a vibration harvester [48]. In this case, the
VR method plays an auxiliary role in terms of the enhancement of the vibra-
tion energy harvesting performance. However, as a passive sensing device, a
VR-based sensor has self-generating electrical signals, requiring no external
power supply and can potentially be used as an energy transducer. As early
as nearly 20 years ago, the VR-based technique directly adopted for energy
harvesting purpose has been presented by Timken in a patent [49], in which a
concept of so-called smart bearing is presented. A VR electromagnetic gen-
erator, a part embedded into the bearing, produces electrical energy to supply
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a wireless sensor node, establishing a self-powered wireless sensing system
for monitoring the operations of bearings.

1.2 Problem Statement

The problem to be addressed by this research is VR energy harvesting for
low rotational speed applications. For low rotational speeds, only low lev-
els of energy are available for extraction. This poses a challenge considering
the application requirements of self-powered devices. Thus, many researches
utilized frequency-up conversion methods such as gear boxes to harvest suf-
ficient energy from low-speed rotating environments via electromagnetic in-
duction or piezoelectric effect [15]. However, the use of a gearbox not only
increases the complexity of an energy harvesting system, but the additional
friction of gear components reduces the mechanical-to-electrical energy con-
version efficiency. Moreover, the system complexity even leads to the need
for extra maintenance to extend the lifetime of the system.

There are relatively few studies in the area of VR energy harvesting. Häg-
gström et al. in [50] reviewed different harvesting methods and concluded
that VR-based technology is the most promising for energy harvesting be-
cause it has a high robustness and generality and low complexity compared
against other methods. Moreover, they also estimated the potential power
levels by exampling and simulating a basic VR energy transducer design.
The results showed that the energy transducer yields an extractable power
of 12 mW at a speed of 600 rpm. Kroener et al. [51, 52] proposed a new
structure for a VR energy transducer, called U-shape, yielding higher out-
put power compared to the basic structure, shown in Fig. 1.2. The U-shaped
energy transducer can produce output power of 1 mW at 300 rpm, exhibit-
ing a reliable power supply for energy autonomous sensing system for train
surveillance applications. Both of these studies focused on the investigation
of the energy transducers themselves. Parthasarathy et al. [53] presented an
energy-autonomous wireless wheel speed sensor system. A commercial VR
transducer used in the electronic braking system of vehicles was used as a
power supply, which produces an power output of 1 mW at 300 rpm to the
wireless sensor node. However, this study lacked a detailed analysis of avail-
able power levels in the system and did not report achievable sample rates at
different operating conditions.

All of the studies reviewed here focused on investigations for their re-
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spective applications, and they are limited to basic VR structure designs and
rather high rotational speeds. As an electromagnetic energy harvester, AC-
DC conversion is essential for producing a stable and sufficient energy for
sensor devices. However, AC-DC conversion was not studied in the previous
studies. Therefore, a closer and more systematical study is required for in-
vestigating the effects of the energy transducer design and implementation,
as well as a complete energy harvesting system.

1.3 Research Aim and Objectives

As presented in Section 1.2, the VR-based mechanism is a promising means
for rotational energy harvesting. However, the current literature still lacks
a comprehensive study that explores how different internal and external fac-
tors, such as structural geometries, rotating environments, interface circuits,
affect VR energy harvesting performance. Moreover, as mentioned before,
low-rotational-speed operations of a VR energy transducer lead to not only
a low level of energy extraction but also a strong cogging effect occurrence,
being significant challenges for this research. Therefore, the overarching aim
of this research is to achieve an efficient VR energy harvesting system for
low-frequency rotations to enable self-powered sensing applications, and the
research work was divided into five major objectives as follow:

Obj1 To provide a systematic study of different structural designs for VR
energy transducers to support a better understanding of their influence
on power output, power density, and cogging torque for low-rotational-
speed applications.

Obj2 To provide details of design optimization guidelines for maximizing the
volumetric power density of the VR energy transducer by theoretical,
numerical, and experimental means.

Obj3 To identify the cogging torque effects on the host of the VR energy
transducer, and to provide a solution for reducing this impact.

Obj4 To demonstrate a full prototype implementation of a wireless sensing
application that is completely self-powered by a VR energy harvesting
system, and to investigate the performance of each sub-module in the
system in order to identify the opportunities for further system opti-
mizations.

Obj5 To optimize the interface circuit for minimising the circuit losses in
order to make the energy harvesting system capable of operating at the
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low-level output voltage of the VR energy transducer working at low
rotational speeds.

Fig. 1.3 illustrates the five objectives achieved in the supporting papers
(attached in Part B) for this research on VR energy harvesting. These ob-
jectives are divided into two major categories: the first three objectives are
related to the study on the energy transducer itself, and latter two ones are to
address system-level issues, including not only the energy transducer utiliza-
tion but also a corresponding interface circuit design.

Paper I

Paper II

Paper III

Paper IV

Paper V

Obj1, Obj3

Obj4

Paper VI

Obj5Obj2

Obj3

VR energy transducer

Self-powered 
sensing application

m-shaped
design

Obj2, Obj3
m-shaped

design

Analytical
solution 

Cogging torque
reduction

Circuit
optimization

Optimized
m-shaped

design

Figure 1.3: Connection of the five research objectives to the supporting papers

1.4 Approaches

A quantitative research method is used for guiding this research, which in-
cludes surveys and a number of experiments executed by means of numerical
analyses and physical verification tests. Based on the fundamental laws of
electromagnetism, this research expands the field of VR energy harvesting
by collaborating with experimental works and through developing theoretical
and numerical models.
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Simulation and experimental data collection are implemented by using
high performance and well-known software programs and devices, including
a finite element analysis (FEA) program COMSOL Multiphysics, a SPICE
software LTspice, an oscilloscope Keysight MSO-X 3024T, a data acquisi-
tion (DAQ) device Saleae Logic Pro 16, and a DC power analyzer Keysight
N6705C. Because of high reliability and stability these tools yield accurate
and valid data, which can help to access the true performance of the VR en-
ergy harvesting system, as well as for further design and optimization.

A laboratory test bench is built up for the experimental verifications and
tests. The specific requirements of a Bosch Hägglunds hydraulic motor [54]
for industrial applications are used to establish a realistic, low-rotational-
speed application case. As a result, a shaft diameter of 270 mm is chosen, and
evaluations are conducted under low rotational speed in the range of 0.36 rpm
to 60 rpm. This speed range is sufficient for this research to explore the per-
formance of the VR energy harvesting for low-rotational-speed applications.
The details of the test bench are presented in Papers II, VI, and V. Moreover,
a small scale rotating structure of higher speed in the range of 100 rpm to
300 rpm is built up to investigate the structural scalability of the VR energy
transducer for adapting to different application scenarios, of which details can
be found in Paper III.

According to the connections shown in Fig. 1.3, the research approaches
are presented in detail in the following two subsections.

1.4.1 Energy Transducer

As shown in Fig. 1.1, the energy transducer is a key element for extracting
energy in the form of electricity from an energy source. The first consid-
eration of an energy harvesting system design is that the power output of the
energy transducer should be maximized, being essential to improve the sensor
performance in terms of sample rate.

The following research approaches are used to address the first three ob-
jectives presented in Section 1.3, providing an optimization framework on the
VR energy transducer itself.

As mentioned in Section 1.2, the previous studies have shown that, based
on Faraday’s law of induction, VR sensor-based technologies can be used for
energy harvesting. Thus, to explore a high-power-output VR energy trans-
ducer, this research firstly surveys different VR sensor structures from peer-
reviewed publications to gain an understanding of how these structures influ-
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ence the their power output and volumetric power density. Based the survey
study, this research then proposes a novel design, an m-shaped VR transducer
that outperforms all investigated structures. Considering that a lot of applica-
tions are size-constrained, this research carries out a structural optimization
for the m-shaped design that can have the highest volumetric power density.

As revealed in the studies above, even though the m-shaped design pro-
duces a high-level power output, it results in a large amount of cogging torque
especially at low rotational speeds. In the final step for achieving a high-
performance VR energy transducer, this research thus includes studies on how
to minimize the cogging effect on the rotary host. As for many PM machines,
the cogging torque is due to the circumferential component of magnetic at-
tractive forces between the magnets and ferromagnetic components used in
the pickup unit and toothed wheel. This study directly applies a magnet shift-
ing method popularly used in the PM machine designs for suppressing the
cogging torque by using three identical pickup units. The resulting collection
of multiple magnets can reduce the cogging torque if the three pickup units
are in a proper arrangement.

In the above studies, the performance and optimal structures of energy
transducers are derived from parametric studies involving the FEA performed
in the software COMSOL Multiphysics AC/DC module. However, in order
to deeply understand the electric and magnetic behavior of the energy trans-
ducer and to avoid time consuming computational requirements of the FEA,
this research presents an analytical model of the m-shaped structure. The an-
alytical model is developed from state-of-the-art modelling and is based on
Faraday’s law of electromagnetic induction and magnetic circuit theory.

Moreover, all modelling studies of the VR energy transducers are based
on a rotational speed scenario in a three-dimensional (3D) FEA. The VR en-
ergy transducer is a short-axial-length and large-diameter electric machine.
Implementing 3D models thus takes into account the end effects and there-
fore produces more accurate results [55].

1.4.2 Self-powered Sensing Application

To fulfill the last two objectives presented in Section 1.3, the research then
explores the performance characteristics of the VR energy harvesting system
through a system-level study on a self-powered sensing application. The self-
powered sensing application consists of a VR energy transducer, an interface
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circuit, and an electrical load, exhibiting the same architecture as shown in
Fig. 1.1. The two studies for the investigation are the following.

• Demonstration

– to present the application of the VR energy harvesting
– to show how the VR energy harvesting performs as a power sup-

ply for a self-powered sensing system

• Survey on rectification circuits

– to determine a rectifier that can contribute to improved perfor-
mance of the interface circuit

Moreover, the corresponding printing circuit board (PCB) implementations,
together with using the laboratory test bench, are also carried out for con-
tributing to the demonstration and experimental tests for both studies.

Figure 1.4: Overview of hardware utilization for the self-powered sensing system

Figure 1.4 shows an overview of hardware utilization in both studies. The
details of the sensor node, energy transducer, and interface circuit are pre-
sented in the following paragraphs.

Sensor Node The first task is to finalize a specific sensing application, of
which the sensor node is the electrical load of the VR energy harvesting sys-
tem. One of the typical sensing applications in a rotating environment is an-
gular velocity (rotational speed) monitoring. A gyroscope sensor node with
a wireless interface is used for the measurement of a rotor’s angular velocity
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and reports the acquired data wirelessly, of which more details can be found
in Paper V. The rotor is the large-diameter rotary shaft built up in the labora-
tory test bench as presented before. The sensor node needs to be designed for
low-power consumption and to have different required energy levels depend-
ing on the sensor’s performance such as its sampling rate. An experimental
measurement is carried out to obtain the power requirement of the sensor
working at different sampling rates.

Energy Transducer The m-shaped structure is used for the energy trans-
ducer design for this self-powered sensing application since, as presented in
Section 1.4.1, it outperforms all surveyed structures. However, as utilizing
inertial forces for the rotational speed measurement, the gyroscope sensor is
mounted directly on the rotary shaft. The m-shaped structure thus should be
redesigned, being appropriate for acting as the power supply of this on-rotor
sensing application. The redesigned structure is investigated and optimized
numerically and experimentally. As a result, the performance parameters, in-
cluding the maximum output power, output voltage amplitudes, and output
voltage frequencies, are obtained as a function of rotational speed.

Interface Circuit – Demonstration This research uses a discrete interface
circuit, including two individual units, AC-DC converter and DC-DC con-
verter, which is a common design presented in literature [18, 56, 57]. Ap-
plying a discrete topology is easy to help designers to investigate each unit
to identify issues and opportunities for further optimizations. Nowadays, ap-
propriate circuits for DC-DC conversion are available in both commercial
markets and user customizable solutions [18], which show high performance
in terms of power conversion efficiency, maximum power transfer tracking
(MPTT). However, the performance of a DC-DC converter is significantly in-
fluenced by the input voltage, i.e., the output voltage of the AC-DC converter.
For example, a VR energy transducer working at low rotational speeds gener-
ates a low output voltage, leading to low efficiencies of the DC-DC converter.
Thus, the remaining problem is to identify how different designs of AC-DC
converters influence a VR energy harvesting system.

The demonstration study directly uses an existing discrete interface circuit
presented in [57]. It is a combination of a voltage multiplier and a DC-DC
circuit. The voltage multiplier has been widely used for the low voltage recti-
fication in RF energy harvesting [58–60], but its performances are unknown to
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the VR energy harvesting. The DC-DC circuit is based on a commercial com-
ponent from Analog Devices LTC3588-1. The performance parameters of the
sensor node and VR energy transducer obtained from the experimental mea-
surements are used for the SPICE circuit modelling in the simulation software
LTSpice. Together with the SPICE model of the LTC3588-1, a circuit-level
study are carried out, which help the voltage multiplier design, including the
number of multiplication stages, performance analysis, and component selec-
tion. As a result, a four-stage multiplier is chosen to rectify the AC voltage,
resulting in a DC voltage with an 8–fold multiplication. It thus enables oper-
ation at low speeds, lifting the energy transducer’s output voltage to a range
compatible with the input voltage requirements of LTC3588-1.

Interface Circuit – Survey The system analysis of the demonstration shows
that the power delivered to the load was below 20% of the power that can be
obtained with a matched impedance load. Consequently, significant improve-
ments on the system’s interface circuit are possible in order to optimize the
electrical circuit for the power conversion, fulfilling the last objective pre-
sented in Section 1.3.

This investigation then conducts a survey study to present a systematic
comparison of interface circuits based on three passive rectifiers. This study
can determine a AC-DC converter that can contributed to a high performance
of the VR energy harvesting system. The three rectifiers are the full-wave
bridge rectifier (FWR), voltage double (VD), and negative voltage converter
(NVC). As mentioned before, the first one is a classic rectification topology
that is used for many AC-DC circuit designs. The latter two rectifiers have
already been developed and investigated in many previous publications, espe-
cially for the rectification of low-input power signals [56, 61–64]. This study
also applies a discrete interface circuit design, using a rectifier in combina-
tion with a DC-DC circuit as an interface circuit. Three implementations are
evaluated separately and compared to each other.

The DC-DC conversion is implemented with a commercial circuit, namely
the Texas Instruments BQ25570. The BQ25570 can operate at an input volt-
age of 0.1 V, a much lower voltage than that of LTC3588-1. The survey inves-
tigates how the rectifiers affect the systematical performance in terms of the
output DC power and the sample rate of the wireless sensor, under the same
environmental condition of rotational speeds, as well as using the same VR
energy transducer and DC-DC circuit. Moreover, two performance metrics,
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PCE and PEE, as mentioned in Section 1.1 are used to conduct a systematic
comparison of interface circuits based on the three rectifiers.
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Chapter 2

Theory

In this thesis work, the VR principle is used for the conversion of rota-
tional kinetic energy into electrical energy, thereby enabling it to be used for
energy harvesting. The operation of this energy harvesting mechanism can be
described by the theory of magnetic circuits and Faraday’s law of induction.
Besides, other theories of electromagnetism also support this work, including
the fundamentals of magnetic materials and magnetic forces.

2.1 Magnetic Circuit

A VR energy transducer can be systematized by means of the concept of
a magnetic circuit shown in Fig. 2.1. In the following subsections, every
component used in the magnetic circuit is presented in detail.

Reluctance Being analogous to electrical resistance, magnetic reluctance
is a term used to measure the opposition of a magnetic flux conductor to the
flow of magnetic flux in the analysis of magnetic circuits. The reluctance of
a conductor depends on the geometrical shape and the material it is made of,
and is expressed as

R =
l

µ0µrA
, (2.1)

where l is the length of a magnetic flux conductor, µ0 is the permeability
of vacuum (4π × 10−7H/m), µr is the relative magnetic permeability of the
conductor material with respect to vacuum, and A is the conductor’s cross-
sectional area normal to the direction of magnetic flux flow.

Soft Iron In this research work, an electrical steel is used to make pole-
pieces and toothed wheels. The electrical steel is a ferromagnetic material,
which has enhanced soft magnetic properties with small hysteresis area, low
coercivity and high saturation magnetization, and is used for the magnetic
flux-carrying cores of electrical machines and transformers.

17



2. Theory

V =−N
dΦB

dt

Permanent
magnet

Pickup coil
N turns

Soft iron
µr → ∞

Air gap

Mechanical
rotation

MMF

Magnetic flux lines

Rotary toothed wheel
with number of teeth Nt

Stationary
pickup unit

Angular
displacement

Pole-piece

Pole-piece

hM

Figure 2.1: Magnetic circuit of variable reluctance energy harvester

The pole-piece and toothed wheel are magnetised and then demagnetised
due to an alternating magnetic field, absorbing energy and causing iron loss.
The iron loss includes hysteresis loss and eddy current loss. Both compo-
nents result in the same physical phenomenon which is Joule heating. In this
research, the Steinmetz equation is used estimated the iron loss [65], which
is presented in Paper II.

Permanent magnet A permanent magnet, made of hard ferrite material
of neodymium iron boron (NdFeB), is used in the pickup unit to provide a
constant constant magnetomotive force (MMF),

FM = HchM , (2.2)

where Hc is the coercivity of the magnet and depends on the magnet material,
and hM is defined as the dimension co-linear to Hc shown in Fig. 2.1.
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In order to achieve the maximum power output for a VR energy trans-
ducer in a given structure, the PM’s energy product needs to be maximized.
Maintaining the same magnetic materials and geometrical configurations of
all components, the energy product of the PM can be affected by the dimen-
sion hM [66]. However, an optimum hM is depend on the MMF drop in every
component in the magnetic circuit, including the air-gap and pole-piece, as
well as the leakage flux coefficient, of which more details can be found in
Paper II.

Variable Reluctance A variable reluctance is generated by changing the
air-gap size, i.e., the parameter l in Eq. (2.1), between the pickup unit and
toothed wheel, as the toothed wheel rotates. For example, as shown in Fig. 2.3,
the toothed wheel at the angular displacements of

θ = 0deg and θ =
360deg

2Nt
(2.3)

result in two extreme cases, aligned position and unaligned position, estab-
lishing the minimum and maximum reluctance paths, respectively. Equa-
tion (2.1) thus yields a function with respect to the changes of the air-gap
size, which is expressed as

Rair(θ) =
lair(θ)

µ0µrA(θ)
. (2.4)

Moreover, because a magnetic flux captures the least magnetic reluctance
path and a fringing effect occurs in the magnetic flux flow in the air gap, the
effective cross-section area depends on the angular displacement, which is
another factor that influences the reluctance. As the PM provides a constant
MMF expressed as in Eq. (2.2), the VR phenomenon occurring in the air gap
induces a varying flux by means of Ohm’s law:

φB(θ) =
FM

Rair(θ)
. (2.5)

Since all components are connected in series in the magnetic circuit shown
in Fig. 2.3, the alternating flux also passes through the pole-piece the pickup
coil is wound on. Based on Faraday’s law of electromagnetic induction, the
pickup coil linking with the changing magnetic flux will induce a voltage
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across its two terminals. This induced voltage is also known as the back elec-
tromotive force (emf), which is expressed as

V =−N
dφB

dt
=−N

dθ

dt

dφB

dθ
=−Nω

dφB

dθ
. (2.6)

Equation (2.6) shows that, for a constant number of turns of the pickup coil
N, the voltage induced in the coil is proportional to the rotational speed of the
toothed wheel ω and the flux change rate dφB

/

dθ with respect to the angular
displacement.

2.2 Power Flow

For a VR energy harvesting system, it is true that generating electricity will
dissipate some kinetic energy of its rotary host (the rotating rigid body shown
in Fig. 2.2), but the harvested power is usually much smaller than the trans-
mission power of the host.

Circuit
loss

Iron
loss

Copper
loss

Mechanical
loss

Electrical 
power (AC)Mechanical

input power

To 
electrical load

Energy
transducer

Interface
circuit

DC power

From 
rotating rigid body

Figure 2.2: Power flow diagram of a VR energy harvesting system

The power flow in a VR energy transducer is the same as in an electrical
generator converting mechanical energy into electrical energy. During the en-
ergy conversion, a portion of the mechanical and electrical energy dissipates
as thermal energy caused by the mechanical loss, iron loss, and copper loss
shown in Fig. 2.2.

Due to being directly mounted on the rotating body, the energy transducer
causes windage loss, the only component that contributes to the mechanical
loss. The windage loss occurs due to the mechanical friction between air
and the slot-tooth structure of the toothed wheel. However, because of low-
rotational-speed operations this windage loss is negligible.
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2.2.1. Power Generation

The iron loss, mentioned in Section 2.1, is caused by the varying magnetic
field in the electrical steel parts of the energy transducer.

The copper loss is found in the pickup coil of the energy transducer, which
is caused by the resistance of the coil and an electrical current flowing through
it. This loss component is related to the electrical power generation of the
energy transducer, of which details will be discussed in Section 2.2.1.

Due to the non-ideal practical electrical components, such as non-zero
forward voltage drop of diodes and internal resistance of capacitors and tran-
sistors, the interface circuit, including the AC-DC and DC-DC converters
shown in Fig. 1.1, inevitably produces energy dissipated as heat (i.e., the cir-
cuit loss shown in Fig. 2.2) during the energy flow process.

2.2.1 Power Generation

RLoad

RCoil

VREH pickup coil

CTuning

V(t)

LCoil
I(t)

External load

XCoil XLoad

Figure 2.3: Electrical equivalent circuit of a loaded VREH

As shown in Fig. 2.3, connecting an external load to the terminals of the
pickup coil generates a current and electrical power. Moreover, the induced
current passing through the pickup coil results in copper losses, the power
lost as heat in the coil windings. The induced current, power delivered to the
load, and copper loss are expressed as

I =
V

ZCoil +ZLoad
(2.7)

PLoad = I2RLoad =

(

V

ZCoil +ZLoad

)2

RLoad (2.8)
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PCopper = I2RCoil =

(

V

ZCoil +ZLoad

)2

RCoil , (2.9)

where ZCoil and ZLoad indicate the impedance of the pickup coil and load,
respectively, and they are expressed in Cartesian form as

ZCoil = RCoil + jXCoil

ZLoad = RLoad + jXLoad ,
(2.10)

where RCoil is the dc resistance of the pickup coil, RLoad is the load resistance,
and XCoil and XLoad are their reactances. Substituting Eq. (2.10) into Eq. (2.8)
thus yields a function of PLoad with respect to the resistances and reactances
as

PLoad =
V 2RLoad

(RCoil +RLoad)2 +(XCoil +XLoad)2 . (2.11)

2.2.2 Maximum Achievable Power

Applying the theorem of the maximum power transfer enables that as much
power from the pickup coil is being transferred to the load circuit as possible.
A complex conjugate match is required between the load and pickup coil, i.e.,
XCoil +XLoad = 0 and RLoad = RCoil, and Eq. (2.11) thus yields

PMax =
V 2

4RCoil
, (2.12)

where PMax indicates the instantaneous AC power generation. In order to
evaluate the energy harvesting performance of an energy transducer, this re-
search uses a root mean square (RMS) power developed from Eq. (2.12) to
evaluate the average power generation over electrical cycles, which is same
approach used in many other studies on energy harvesting devices [20–25].
More details of the RMS power are provided by Paper I.

In a VR energy transducer, the pickup coil poses a large inductive com-
ponent, which requires a capacitor to be connected to the load to achieve the
complex conjugate matching. Therefore, with a given inductance of LCoil, the
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2.3. Torque Ripple

tuning capacitance in the load side should be

XCoil +XLoad = 0 ⇒ 2π fcLCoil −
1

2π fcCTuning
= 0

⇒CTuning =
1

(2π fc)2LCoil
.

(2.13)

In Eq. (2.13), fc is the signal frequency of the induced voltage across the
pickup coil, an electrical frequency is proportional to the mechanical rota-
tional speed ω and the number of teeth of the rotating toothed wheel Nt , and
is expressed as

fc = ωNt . (2.14)

2.3 Torque Ripple

Cogging torque Cogging torque is produced in a VR energy transducer by
the magnetic attraction between the permanent magnets of the pickup units
and the rotor teeth. It is the circumferential component of magnetic attrac-
tion force that attempts to maintain the alignment between the teeth and the
magnets, and is expressed by

τcog =−
1
2

φ 2
g

dRair

dθ
. (2.15)

Cogging torque is the major component contributing to the torque ripple. A
large cogging torque causes acoustic noise and mechanical vibration for the
rotary host. These negative effects can result in angular acceleration changes
of the rotary structure:

α =
τripple

J
, (2.16)

where J is the moment of inertia of the rotary structure, which is depend on
the mass and geometry of the rotary object. For a given rotary host, J is
constant in Eq. (2.16).

Torque Ripple Reduction By means of out-of-phase superposition yield-
ing a minimal value, adding more identical pickup units to the already existing
one and arranging them at a proper distance between can minimize the torque
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ripple. This can be expressed by

τripple =

Npickup−1

∑
p=0

{

∞

∑
k=1

τ · sin[Nslot · k · (θ − p ·β )]

}

,

k ∈ Z
+ , Npickup ≥ 2 ,

(2.17)

where the term in the curly brackets is a Fourier series expansion of Eq. (2.15),
Nslot, the number of slots of the tooted wheel, is equal to Nt, p indicates the
p-th pickup unit, and β is the angular distance between two adjacent pickup
units. Therefore, the torque ripple minimization is to obtain an optimal β that
makes the trigonometric term in Eq. (2.17) as small as possible, the details of
which are provided by Paper IV.

24



Chapter 3

Summary of Publications

This research study on VR energy harvesting is supported by six papers,
of which the full-text versions are available in Part B. This chapter presents a
short summary of how these papers support the thesis, as well as the author’s
contribution to each paper.

Paper I

A Survey on Variable Reluctance Energy Harvesters in Low-Speed Ro-

tating Applications in IEEE Sensors Journal

As a starting point of this doctoral study for VR energy harvesting, the
contributions of this work can not be found in any previous works or open
publications. This work provides a survey study on seven different structures
of pickup units, of which six structures have previously been used in VR sen-
sors and one structure is proposed by the author. The objective of this work
is to provide a systematic study of different designs to support a better un-
derstanding of their influence on output power and the VR energy harvesting
mechanism. This, in turn, provides evidence and strategic directions for the
performance improvement such as output power.

These seven structures are evaluated using the COMSOL Multiphysics
FEA program, and their simulation results, including output power, volumet-
ric power density, and induced cogging torque, are compared. Moreover, the
principle of VR energy harvesting is presented, as well as structural defini-
tions and magnetic material specifications.

These parameters are used for further studies on the VR energy harvesting
in the following papers. The metrics of output power and volumetric power
density are used in Paper II as a guideline for a structural optimization study.
The cogging torque issues revealed in this paper enables a study in Paper IV
to reduce the cogging torque. Due to its performance in terms of the highest
output power and volumetric power density, the newly proposed structure is
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3. Summary of Publications

also used for powering an on-rotor RPM sensing system, demonstrating a
self-powered low-rotational-speed monitoring system presented in Paper V.

The highlights of this study are as follows: (a) the survey provides a sys-
tematic study of different pickup unit designs to support a better understand-
ing of their influence on output power; (b) it identified three key approaches to
the performance improvements on VR energy transducers; (c) the new struc-
ture is the best performing design and yields improvements of a 53-fold out-
put power and a 30-fold power density in comparison to a basic VR structure.

Author’s contribution: Literature review, design and implementation of
models, analysis of the results, and drafting of the main manuscript.

Paper II

Design, Modeling and Optimization of an m-shaped Variable Reluctance

Energy Harvester for Rotating Applications in Energy Conversion and

Management

Based on the survey presented in Paper I, the selection of an m-shaped
design leads to the highest power density. It remains the question for this
study: how different parameters in such an architecture should be chosen in
order to generate most power under known application constraints.

A theoretical analysis based on the VR operation principle is presented
first, which shows that the output power depends mainly on three geometrical
factors, the coil height, the tooth height, and the magnet height. A numerical
study is then performed to access how these factors exactly influence the out-
put power and thus carry out a structural optimization based on these factors
to maximize the volumetric power density of the m-shaped VR energy trans-
ducer. Finally, a series of prototypes is fabricated to investigate the design
experimentally. The results show a good agreement between the numerical
simulations and experiments, with an error of below 3 % for the power esti-
mations, confirming the validity of the numerical analysis.

In addition to the three geometrical factors presented above, this paper
also provides knowledge on how the output power is dominated by different
size constraints and different angular velocities, demonstrating that a VR en-
ergy transducer is adaptive to different application scenarios. Moreover, this
paper experimentally demonstrates that the optimized structure can generate
output powers of 0.12 mW to 22 mW at 5 rpm to 60 rpm. This is sufficient
power for a number of industrial sensing operations. Therefore, a VR energy
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transducer is a promising alternative to battery-powered solutions for con-
tributing to a self-powered sensing system in rotating applications. Last, the
cogging ripple is revealed for different sizes of the m-shaped energy trans-
ducers. Together with the structural optimization, this paper also provides a
guideline for users to design an appropriate structure for their applications by
taking into account size constraints, output power, and induced torque.

Author’s contribution: Design and implementation of models and pro-
totypes, analysis of the results, and writing of the main manuscript.

Paper III

Theoretical Modeling and Experimental Verification of Rotational Vari-

able Reluctance Energy Harvesters in Energy Conversion and Management

This paper presents an analytical model, an alternative solution to FEA, to
investigate the VR energy transducer performance. The proposed analytical
model is a combination of two existing models in the literature, namely, sub-
stituting angle (SA) and magnetic field division (MFD). This analytical model
can accurately predict the magnetic permeance change of the air-gap for the
VREH, as well as the voltage response (including waveform, frequency, and
amplitude) of the pickup coil with respect to the flux change. Because of
its quick implementation and deep insight into reluctance change phenomena
it is preferred at the preliminary stage of design and optimization for a VR
energy transducer.

This paper also provides a numerical study to verify the effectiveness of
the proposed theoretical model, showing that the voltage response of the
pickup coil is depended on the various geometrical parameters, including
air-gap thickness, tooth height of the rotor pole and toothed wheel. More-
over, this study implements an experimental verification but focuses on small
scale prototypes for rotational speeds of 100 rpm to 300 rpm. The correspond-
ing experimental measurements confirm that the theoretical model exhibits a
good degree of accuracy for predicating voltage responses. One of the exper-
imental results shows that the output power can reach up to 5 mW at 100 rpm.
This provides sufficient power to meet the demands of low-energy electronic
devices, further providing solutions for self-powered monitoring systems us-
ing VREHs in rotating environments. This also proves that a VR energy
transducer is scalable in the geometrical size, and can be adapted for different
application scenarios. Last, this paper reveals issues of magnetic torque and
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low-level energy excitation of the VREH operating at low rotational speeds,
which raises questions regarding the cogging torque and power management
circuit design.

Author’s contribution: conceptualization and manuscript editing and re-
view.

Paper IV

Three-phase Variable Reluctance Energy Harvester in Energy Conversion

and Management:X

As revealed in the first three articles, Paper I, II and III, even though the
m-shaped design produces a high-level output power, it results in a relative
large amount of cogging torque. The cogging torque is an undesired effect
that can cause acoustic noise and mechanical vibration for a rotary host of the
energy transducer. This paper presents a three-pickup-unit design to minimize
this negative effect but still achieves a high output power.

The optimized structure with the highest volumetric power density pre-
sented in Paper II is directly used for realizing the three-pickup-unit struc-
ture. A magnet shifting method for reducing the cogging torque of electrical
machines is used for the arrangement optimization of the three pickup units.
Through a theoretical study, simulation, and laboratory work, this paper es-
tablishes an optimization for the VR energy transducer in terms of output
power and torque ripple. Both the output power and torque ripple are sensi-
tives to the angular distance between two adjacent pickup units. With a proper
angular distance of 13.33 deg between two adjacent pickup units, the output
power of the three-pickup-unit structure is increased by nearly four-fold com-
pared to a single-pickup-unit structure, while the peak torque is reduced to
less than 20 %.

The reduced cogging torque reduces the energy transducer’s negative ef-
fect on its rotary host in terms of mechanical vibration and acoustic noise,
simplifying the entire structural design for how to embed the VR energy
transducer into the host in real applications in the future. In addition, this
paper used the m-shaped structure as an example to investigate the multiple-
pickup-unit design, which also can guide other structures presented in Paper
I to achieve their optimized arrangements for reduced cogging torque while
increasing output power.
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Author’s contribution: Formulation of the overarching research goals
and aims, creation of models and prototypes, experiments implementation,
data collection, analysis of results, and writing of the main manuscript.

Paper V

Energy-autonomous On-rotor RPM Sensor Using Variable Reluctance

Energy Harvesting in IEEE 8th International Workshop on Advances in Sen-

sors and Interfaces (IWASI 2019)

This work demonstrates the feasibility of VR energy transducers for pow-
ering a sensing system for machinery health monitoring. The m-shaped struc-
ture presented in Paper I is adjusted to an on-rotor energy transducer, and an
on-rotor wireless RPM sensor is used for monitoring the angular velocity of
a low-speed and large-diameter rotary structure. The kinetic energy of the
rotary structure is harvested to power the sensor node by the pickup-unit-on-
rotor VR energy transducer, supplying energy for the sensor without a need of
a wired power supply or battery and realizing a self-powered sensing system.
The results of the prototype implementation show that the system achieves
self-powered operation with a sample rate in a range 1 Hz to 50 Hz at the
speed of 10 rpm to 40 rpm.

Due to the AC output of the energy transducer (its pickup coil), this study
implements and investigates an energy harvesting interface circuit, a key unit
between the energy transducer and wireless sensor, which is necessary for
providing a stable and sufficient DC power supply for the sensor’s operation.
In addition to the power conversation efficiency (PCE), this study also uses
the power extraction efficiency (PEE) to evaluate the ability of the interface
circuit for the impedance matching between the energy transducer and the
AC-DC conversion circuit. The investigation shows that, even though the in-
terface circuit can work at a relatively high PCE of 60 %, it results in a low
PEE of less than 20 % and thus has a significant influence on the power deliv-
ery to the sensor. This raises a question that is addressed in Paper VI: whether
there is a better interface circuit alternative among existing topologies.

Author’s contribution: Design and building of the model and prototype,
experiments implementation, data collection, analysis of results, writing of
the main manuscript, and presentation of the published work.
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Paper VI

System Implementation Trade-offs for Low-Speed Rotational Variable

Reluctance Energy Harvesters in Sensors

Paper V revealed that the rectifier design and selection can have a con-
siderable influence on the energy harvesting system performance in terms
of extracted output power and conversion losses, i.e., PEE and PCE. This
study presents a quantitative comparison of interface circuits based on three
commonly used rectification circuit, FWR, VD, and NVC, for a VR energy
harvesting interface circuit under a condition of a low-speed rotational ap-
plication of 5 rpm to 20 rpm. Each of the rectifiers, which are individually
integrated with a commercial power management integrated circuit (PMIC),
is experimentally investigated with respect to its performance and its effect
on the PCE and PEE. In addition, this study also evaluates the effects of the
three rectifiers on the sampling rate of a wireless RPM sensing system.

The comparison in this work shows that the interface circuit performance
indicated by PCE and PEE is depended on the used rectifiers, rotational
speeds, and the tuning capacitor between the rectifier and PMIC. This in-
dicates that an interface circuit design should take into account the character-
izations of all of the elements in the energy harvesting system rather than only
one factor such as that of the rectifier itself. The investigation of the tuning
capacitor shows that the capacitance should be tuned for a maximized PEE
value as a higher PEE is equivalent to a higher output power, even though it
may result in a lower PCE for the interface circuit. The results show that the
FWR-based interface circuit has a low performance in comparison to the VD
and NVC rectifiers. Moreover, the VD-based interface circuit demonstrates
the best performance under low rotational speeds, whereas the NVC outper-
forms the VD at higher speeds. The final end-to-end system evaluation with
the self-powered RPM sensing system shows that (a) the achievable system
sampling rate depends on different rotational speeds and with the respective
rectifier implementations, and (b) the VD-based interface circuit provides the
highest performance and enables a higher system sampling rate at low rota-
tional speeds than the NVC-based interface circuit, whereas both performed
similarly at higher rotational speeds.

Author’s contribution: Conceptualization, implementation of simula-
tions, experimental setup and measurement, analysis of results, and original
draft preparation.
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Chapter 4

Discussion

According to the objectives of this research, this chapter summarizes and
discusses the major findings, contributions, and limitations of VR energy har-
vesting.

4.1 Low Rotational Speed Applications

This research is limited to low-speed rotational environment, but the VR en-
ergy transducer can be applied in various speed rotations. In a high speed
scenario, the energy harvesting can generally extract enough power from mo-
tion. It thus is not an issue for high speed energy harvesting. However, the
VR energy transducer extracts a low-level of energy at low rotational speeds,
which is challenging to meet the power requirement of a wireless sensor.

As presented in Section 1.2, the first question in this study sought to
demonstrate an energy harvester by means of variable reluctance principle
for low rotational speed applications. In reviewing the literature [50–53],
many proposed VR energy harvesting systems generate sufficient power lev-
els only at relatively high rotational speeds. The findings in Paper I sug-
gest that different structures can be used for developing an energy transducer
at a speed of 10 rpm. Both numerical and experimental results of Paper II
indicate that the m-shaped structure is able to support sufficient power for
many duty-cycled, low-energy sensor nodes at a speed down to 6 rpm. The
three-phase design presented in Paper IV shows a more than three-fold out-
put power improvement at a low speed of 5 rpm. In the evaluation of the
full system performance, Papers V and VI show that the on-rotor m-shaped
structure can generate sufficient power for a RPM sensing system at a low
speed range of 5 rpm to 60 rpm. These findings have important implications
for developing a fully self-powered machinery condition monitoring system
for low-rotational-speed structures, which is critical to avoid industrial catas-
trophes and protect human lives. However, the above findings are limited a
single scenario of a rotary host with a diameter of 270 mm. Even though Pa-
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per III exampled a structure of smaller scale, working at relative high speed
up to 300 rpm, further work is required to verify the viability and scalability
of VR energy transducers for different diameters of rotary structures rotating
at low speeds.

4.2 Structure Design

Very little was found in the literature on the question of the second research
objective: how to formulate a design guideline to achieve a high performance
energy transducer. As expressed by Eq. (2.1), the term of reluctance re-
lates to geometrical dimensions. The design guideline should be based on
the VR structural characteristics, which are presented by the findings in Pa-
pers I, II, and IV. As presented in Section 1.2, previous research focused on
a single structure to investigate the variable reluctance as a method for en-
ergy harvesting, while this study provides a new insight into the relationship
between the output power performance and different structural topologies.
Moreover, other findings, including structure profile, magnet location, output
power, power density, and cogging torque, provide an overview of multiple-
parameter structural design for designers who implement a suitable energy
harvesting device for their applications.

By investigating different structures from a conventional design to the m-
shaped design, the finding in Paper I shows a structural evolution process and
an overview on different structures, which supports the hypothesis presented
in [50], “If the surrounding material in the rotating system consists of a fer-

romagnetic material, it could be possible to utilize the rotation of the existing

ferromagnetic structure to harvest energy." Moreover, many harvester struc-
tures are developed from VR sensor topologies available in open publications.
The author directly used them as energy harvesters to carry out guidelines of
structure selection and structural optimization to improve the performance of
the energy harvester, which also may support the study and development of
VR sensing techniques [67–70]. However, the ability to generalize from the
comparison in this study was limited by parameters of geometrical dimen-
sions, material selection, and application rotations. In addition, the reliability
of data was affected by ideal scenarios performed by the finite element analy-
sis. Thus, due to the lack of a physical verification, the results may differ from
the true performance. Therefore, the results present a relative comparison for
these structures.
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In Paper II, the findings relate to the structural design for optimization,
which indicates that three key parameters, magnet height, coil height, and
tooth height, can be used to maximize the output power and volumetric power
density. This study supports the findings from previous observations for elec-
trical machine studies [71–73].

The results of Paper IV indicate that the three-pickup-unit design can not
only effectively reduce the torque ripple but also enhances the output power
performance. The finding of the three-pickup-unit design reflects those of
Farrok et al. [74, 75] who investigated a multi-phase linear generator used
for harvesting oceanic wave energy.

Even though some structures, including the m-shaped one, have a more
complex geometrical shape than the conventional design, they still use few
components and show a simple mechanical structure, indicating that VR en-
ergy transducers are robust energy harvesting devices of relatively low com-
plexity. This also agrees with the findings in [50] that a simple structural de-
sign enhances the deployment of a self-powered wireless sensor node in harsh
environments. However, the PMs used in an energy transducer are sensitive to
high temperatures [76]. Moreover, because of its electromagnetic operation,
any surrounding with iron dusts and metallic objects cause eddy current and
may negatively influence the energy harvesting performance [77]. Thus, to
develop a full picture of using a VR energy transducer in harsh environments,
additional studies with more focus on these two issues are suggested.

In addition, as an electromagnetic energy harvester, a VR energy trans-
ducer has an inherent drawback of its pickup coil with a larger number of
turns, which agrees with Fu et al. who mentioned this issue in [28]. Due to a
low rotational speed resulting a low magnetic flux gradient, a pickup coil with
a larger number of turns can generate a high output voltage. However, this
output voltage level is still challenging to the rectification circuit, thus mo-
tivating the author to pay more attention to this critical issue for the energy
harvesting interface circuit design presented in Papers V and VI.

As a VR energy harvesting requires the relative motion between a pickup
unit and its cooperative toothed wheel, the pickup unit also can be placed
on a rotating object while the tooted wheel is fixed on a relative stationary
supporter. Paper V suggests that an on-rotor-pickup-unit design can supply
power for an on-rotor sensing implementation, demonstrating a local power
supply for a sensing application used in a rotating environment. Thus, this
on-rotor design further expands the idea of rotational energy harvesting for
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self-powered sensing systems [30]. However, it should be noted that this on-
rotor-pickup-unit design is not suited for high-rotational-speed applications.
In a case of the high-speed rotation of a host, a centrifugal force caused by
the on-rotor pickup unit will negatively influence the host dynamics.

The previously mentioned studies use a numerical method to provide a de-
sign guideline consisting of structural selection, structure optimization, and
torque ripple minimization. The findings in Paper III suggest that an analyti-
cal modelling is an efficient and reliable solution for the performance predic-
tion of a VR energy transducer, offering an alternative to the computational-
intensive numerical method.

4.3 Self-powered Sensing System

The previous sections have discussed the energy transducer itself. To meet
the objectives of the investigation on the self-power wireless sensing system,
the following subsections present the findings and discussions of the wireless
sensor and the power management system in Papers V and VI.

4.3.1 Wireless Sensor

The findings of the design and investigation of the wireless RPM sensor can
be discussed in terms of the design architecture, energy-saving strategies, and
application. These findings corroborate and extend previous studies.

A low-energy and miniaturized wireless sensor is designed to monitor
rotational speeds of low-speed rotary structures. A common architecture of
wireless sensor nodes includes a control / computation units, a radio transceiver
of and a sensing unit [78]. This design of a wireless RPM sensor has a sim-
ilar architecture. A radio transceiver using Bluetooth Low Energy (BLE) is
integrated into a control-computation unit, constituting to a system-on-chip
(SoC), and the sensing unit is a MEMS gyroscope sensor, BMG250 [79],
with a standard digital interface. The small footprint of both processing unit
and sensing unit brings a PCB implementation with 12.70mm× 22.86mm,
which can be integrated into parts of a rotary structure to realize embedded
monitoring. This PCB may be further scaled down for being integrated on the
rotating inner ring of a bearing to contribute to a smart bearing [80–82].

The wireless sensor design adopts suitable hardware and duty-cycle op-
eration (i.e., software programming) to minimize the energy demand of the
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load of an energy harvesting system, showing that the achieved sensor node
has the energy consumption of approximately 83 µJ for the wireless acquisi-
tion of one sensor sample and a quiescent current of 5 µA during idle state.
This supports an efficient guideline for applying energy-saving mechanisms
presented in [83]. Moreover, the low-energy operation indicates that this sen-
sor node can be powered by not only a VR energy harvesting system but also
other systems presented in [30] to enable a fully self-powered operation.

4.3.2 Interface Circuit

This research studies the interface circuit based on an end-to-end energy har-
vesting system evaluation for realizing a self-powered wireless sensing appli-
cation. Thus, this research focuses on a specific application constrained by
the VR energy transducer and the wireless sensor as an electrical load, rather
than a generic study as presented in the literature [13, 84]. However, the find-
ings of the evaluation demonstrate that significant differences of achievable
sample rates of the sensor can be achieved by the rectifier selection, confirm-
ing the previous studies that indicate the importance of the rectifier design in
an energy harvesting circuit implementation [13, 18, 84].

As presented in Chapter 2, the output of a VR energy transducer is an
AC signal, requiring a rectifier in order to supply a DC voltage for its elec-
tronic load. The numerical and experimental results of two interface circuit
implementations indicate that the rectifier design and selection has a consid-
erable influence on the VR energy harvesting system performance in terms of
extracted output power and conversion losses, i.e., PCE and PEE.

In the first implementation presented in Paper V, the interface circuit is
investigated for the energy transducer working at rotational speeds of 10 rpm
to 60 rpm. A four-stage Cockroft-Walton voltage multiplier (CWVM) works
with a commercial DC-DC integrated circuit LTC3588-1 to build the energy
harvesting interface circuit. This circuit design achieves a system PCE of
61.5 % but leads to a low PEE of less than 20 %. At 12 rpm, the interface
circuit enables the wireless sensor to have a simple rate of 1 Hz. The focus
in this design was to increase the low output voltage of the energy transducer
working at low rotational speeds to a range compatible with the LTC3588-1
(i.e., 2.7 V to 20 V) and lacked the consideration of the specific application
constraints such as the energy harvester’s impedance and the effect of the
rectifier on the circuit impedance match. This finding motivates an additional
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study with a more systematic design for the interface circuit implementation
in Paper VI.

In the second interface circuit implementation presented in Paper VI, a
survey study is carried out to investigate three passive rectifiers, namely FWR,
VD, and NVC. Compared with the CWVM, they use less components and
have simpler structures. They are individually integrated with a commercial
PMIC (BQ25570) to evaluate the interface circuit’s PCE and their influence
on the energy harvesting system performance (i.e., PEE) at the low rotational
speeds of 5 rpm to 20 rpm rather than higher speeds. The results indicate
that the BQ25570 is more suitable for working with a rectifier producing a
low level output voltage. Comparing with the first interface circuit imple-
mentation, for example, at 10 rpm, all interface circuits in the second im-
plementation exhibit a higher performance, allowing the sample rates of the
wireless sensor to reach approximately 10 Hz, 9 Hz, and 7 Hz for the VD-,
NVC-, and FWR-based interface circuit, respectively. Consistent with the lit-
erature [64, 85], in this research, using a high performance interface circuit
can increase output power and thus increase the sample rate of the sensor,
contributing to a design guideline for an energy harvesting system with low
input voltages.

Moreover, some other findings in the second interface circuit implemen-
tation could be discussed:

NVC Rectifier As revealed in [63], an input voltage with a low amplitude
cannot sustain transistors’ turn-on voltage, resulting in a negligible output
voltage. In this NVC implementation, with help of the Schottky diodes con-
nected in parallel, the NVC acts as an equivalent FWR at low input voltages
of 0.1 V to 0.8 V to still produce a sufficiently high output voltage, avoiding
the issues of the threshold voltage of the transistors. This maintains a high
conversion efficiency for the NVC. This also confirms an earlier observation
presented in [64]. However, the current study is based on simulation inves-
tigations and lacks a deeper understanding of the operation of the utilized
transistors for voltage rectification. Thus, in future work, it may be useful
to carry out more simulations and experimental validations for accessing the
NVC performance for different input voltage frequencies and loads, and even
different transistor selections.
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4.3.2. Interface Circuit

Tuning Capacitor In addition to the applied rectifiers and rotational speeds,
the PCE and PEE can be further tuned by using a capacitor between the rec-
tifier circuit and the PMIC. The results of the tuning capacitor shows that a
trade-off exists between the optimization of PCE and PEE. Although a larger
tuning capacitance has negative effects on the PCE of the interface circuit, the
total output power continues to increase up to a specific point indicated by an
optimum PEE. This shows that the tuning capacitance has an influence on
the operating point of the energy harvester, which can outweigh conversion
losses in the circuits. A possible explanation for this might be that capacitor
charging influences the maximum power point tracking of the PMIC.
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Chapter 5

Conclusions and Outlook

This chapter will briefly restate the research problem statement, and con-
clude the research by summarising the key findings in relation to the research
aim and discussing the value and contribution thereof. Moreover, this chapter
will also identify potential developments and future research directions based
on the current work.

This research focuses on a comprehensive study on VR energy harvest-
ing for low-rotational-speed environments. Based on the fundamental laws of
electromagnetism, this research carried out a larger number of works, includ-
ing theoretical studies, numerical simulations, and experimental verifications,
to explore the field of energy harvesting using the VR mechanism.

Overall, the main objectives presented in Section 1.3 of this thesis have
been achieved. The research findings show that various factors influence the
power output and power efficiency of the energy harvesting system, includ-
ing the geometrical structure of the energy transducer, interface circuit, and
rotating speeds of an application, enabling that this research was extended
to several directions as follows to investigate and improve the system perfor-
mance.

• As presented in Chapter 2, the reluctance depends on the magnetic ma-
terials’ geometry. This research thus started with a survey on different
structures of VR energy transducers.

• Then, as an example of the outstanding performance one, the m-shaped
structure, was further optimized, and its issues of cogging torque were
identified and resolved, providing a guideline for designers to deter-
mine the best design for their specific requirements.

• Circuit impedance matching is important for maximizing utilization of
an energy transducer, as well as for supplying a maximal energy for an
electrical load, significantly influencing the sample rate of a wireless
sensor. Thus, in the final stage of this research, a performance evalua-
tion of the energy harvesting with interface circuit were conducted.
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• Moreover, in order to deeply understand the electric and magnetic be-
havior of the VR transducer and avoid time-consuming computational
requirements of the FEA, this study also explored an analytical method
to investigate the m-shaped design, offering a fast estimation approach
for the performance prediction and structural optimization.

These findings have been published in international academic conference and
journals, all of which contribute to expanding the understanding of VR en-
ergy harvesting and adds to the rapidly expanding field of rotational energy
harvesting and electromagnetic energy harvesting. The findings can provide
advice and support to designers who implement the design and optimization
of a VR energy harvesting system. Moreover, all findings suggest that there
are benefits to both academics and practitioners of energy harvesting systems
for wireless sensor nodes/networks, Internet of Things (IoT), and condition
monitoring applications. In addition, as both a VR energy transducer and a
VR sensor are based on the same principles of electromagnetism, the findings
of VR transducer design, such as the guidelines of structure selection and
structural optimization, may assist the study and development of VR sensing
techniques as well.

Previous studies have demonstrated that a VR energy transducer can be
used for rotational energy harvesting. However, they are limited to basic VR
designs and rather high rotational speeds. Based on its findings, this research
provides not only various possible VR structures for low-rotational speed en-
ergy harvesting but also a deeper insight into a complete energy harvesting
system based on VR mechanism, complementing and resonating with find-
ings of previous studies.

Nevertheless, there are a number of limitations that should be acknowl-
edged.

• First, as presented in Sections 4.1 and 4.2, only three main parameters,
namely coil height, tooth height, and magnet height, are investigated
for demonstrating the harvester’s structural optimization. This neglects
other studies on the performance scalability and multi-parameter opti-
mization of a VR energy transducer in terms of power output, power
density, and cogging torque.

• Second, in the study of the end-to-end energy harvesting system, the
findings are limited by the fact that this research surveyed only well-
known passive rectifiers and commercial power conditioning circuits.
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Thus, this problem deserves future research efforts on more different
interface circuit designs that are possible to improve the energy har-
vesting performance.

• Last, this research is limited studies performed in laboratory environ-
ments with constant conditions. In other words, some issues, such as
metallic rotating hosts, surrounding iron dust, environmental temper-
ature changes, and different magnetic materials selection, have so far
not been investigated.

In addition to the limitations discussed above, there exists rooms for more
research, improvements, and further optimization as presented below.

• Paper I provided three approaches that summarize a VR energy trans-
ducer design and can guide users to create a new structure. In future
works novel structures based on these three approaches should be in-
vestigated. More state-of-the-art VR sensor structures may be avail-
able in the literature to be investigated for energy harvesting purposes.
These two works can possible supplement or even modify the three ap-
proaches, resulting them to be more accurate and generic. Moreover,
the three approaches could be further developed for analyzing and esti-
mating the cogging torque of different structures.

• Paper IV showed that using three-pickup-unit design not only weakens
the negative effect of the energy transducer on the rotary host but also
increases the power output. However, such a design requires a three-
phase power management circuitry. This opens up the question of how
to design an efficient interface circuit, including rectifiers and power
conditioning circuits, for handing a three-phase energy transducer.

• Both Papers V and VI provided an investigation of passive rectifiers
influencing the entire energy harvesting system. A future work can sur-
vey not only passive rectification circuits but also various active circuit
technologies for improving the VR energy harvesting performance.
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