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Abstract

Electromagnetic Energy Harvester for Sensors on Overhead Power Distribution Lines

by

Zhiwei Wu

Doctor of Philosophy in Engineering – Mechanical Engineering

University of California, Berkeley

Professor Liwei Lin, Chair

The electric grid began its service over 100 years ago and accumulated many safety concerns
regarding its infrastructure and nearby environment. The wireless sensor network has been
deployed to monitor the condition of both the grid infrastructure and environment, and
non-interrupted power sources with minimal maintenance has been an engineering challenge.
Here, design of an inexpensive and durable electromagnetic energy harvester coupled with
the magnetic field from the power line conductors for powering the wireless sensor network is
documented. A prototype of the energy harvester is first built to evaluate the device’s output
power by placing it against the power line conductor which carries an AC current of 30 A.
The power output is measured up to around 120 milli-watts with the use of a magnetic flux
guide made of electrical steels. This result shows that the electromagnetic energy harvester
is promising for most sensor applications whose power consumptions are usually from several
micro-watts to a few milli-watts.

A simulation model is developed to calculate the output power based on critical parameters
of a specific harvester configuration for an optimized energy harvester system. This model
includes the saturation e↵ect in the magnetic material as it has significant impact on the
harvester’s power output observed from the experimental results. Circuit analysis with
consideration of nonlinear saturation e↵ects is conducted using a current transformer model,
and it provides good approximations to the experimental measurements. Furthermore, a
finite element model is also developed to improve the accuracy of the circuit model, and it
is used to optimize the energy harvester designs. Several parameters of the energy harvester
are investigated in di↵erent configurations to maximize the output power, and up to 0.4
watts is obtained with three pieces of flux guides when the AC current in the power line
conductor is 30 A.
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Chapter 1

Introduction

This chapter introduces the background and motivation of the research presented in this
dissertation, discusses the scope of this work, and lists major technical contributions to the
related field.

1.1 Background and Motivation

The goals of this research are the design, analysis, and fabrication of durable and inexpensive
electromagnetic energy harvesters on overhead power distribution lines for wireless sensor
nodes to realize long-term monitoring of the electrical grid.

Legacy electrical grids are gradually transformed into so-called “Smart Grid” as power
companies aim for more sensing and control of grid elements, more widespread information
sharing and communication, more powerful computing, and finer controls. The objectives of
deploying these technologies are to improve operational e�ciency, reliability, and resilience
of power line grids [14, 15, 58, 7]. The electrical infrastructures built decades ago account
for the majority of the existing transmission and distribution networks [65], and they are
vulnerable to catastrophic events such as tornadoes, wildfires, and lightning strikes. To meet
these challenges, many Smart Grid-related sensor projects are being developed to monitor
the conditions of electrical power grids as shown in Fig. 1.1 [31]. For example, a downed
power line sensor from recent studies [34] is able to detect inclined or downed power line
poles and communicate with the operators to prevent possible accidents from happening. In
certain areas of the United States, like California during recent years, an overheated power
line conductor could be the cause of a terrifying wildfire [43], and researchers are making
e↵orts to use atmospheric sensors such as smoke detectors to warn the local utility companies
and government about the threats at an early stage [62]. It requires a large amount of these
sensors to be deployed as a wireless sensing network to collect and report the operating
conditions of the electrical grid.

The wireless sensor nodes for the Smart Grid are expected to operate for a few decades,
but the state-of-the-art lithium-ion batteries with a reasonable size will not last more than
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Figure 1.1: Wireless sensing network deployed on the electrical grid for condition monitor-
ing[31]

10 years, and the replacement costs will be too high for the power companies to conduct this
operation. Unlike batteries, the energy harvesting devices coupled to the distributed power
lines are far more capable for these applications because they can constantly take energy from
the grid. On the other hand, the electromagnetic harvesters introduced in this dissertation
are mainly made from coils without moving parts and require minimal maintenance.

1.2 Vision: Typical Wireless Sensing Networks for
Condition Monitoring

This work has the vision that sensors with di↵erent purposes can be widely deployed to
form wireless sensing networks on electrical grid systems. The sensor nodes can monitor
the system operating conditions and communicating with the utility operators. The nodes
identify threats to the infrastructures and send reports to identify emergencies. For massive
deployment, energy harvesters coupled with the overhead power lines are essential in these
applications (Fig. 1.2). This dissertation will demonstrate how these energy harvesting
devices can be developed and analyzed for this application.
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Figure 1.2: Hypothetical energy harvester (to scale) attached to an overhead power distri-
bution line

1.3 Scope of This Work

The research presented in this thesis focuses on analysis and optimization of energy har-
vesting devices. The method of electromagnetic energy harvesting is proposed to provide
milliwatts to watts of power for sensor applications. The energy harvesting prototypes and
preliminary experimental measurements are chosen to validate this hypothesis. A more rig-
orous study is carried out to investigate an analytical circuit model of the electromagnetic
energy harvester’s output power as well as the e↵ects of the magnetic saturation. However,
the analytical model is only able to approximately predict the harvester’s electrical behavior,
it cannot well capture the saturation e↵ects, which have a significant impact on the required
power output of the energy harvesters. Finite Element Analysis (FEA) is conducted to
explore and obtain a more accurate characterization of the harvester’s electromagnetic be-
havior. The FEA results are used as a design guideline to optimize and fabricate robust
energy harvesters based on di↵erent requirements and constraints.

Besides showing the capabilities of the energy harvester developed in this work, its bound-
aries are also discussed here. Although the energy harvester is technically a modified current
transformer, it cannot be used as a reliable current sensing device with the presence of the
magnetic flux guide (See Chapter 3 and 4 for more details). A transformer can only couple
to certain AC sources but does not work with any DC sources.
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Major technical contributions to the related fields are developed and presented in this
thesis: the energy harvester is able to power most sensor nodes requiring milliwatts and even
provide up to a few watts if needed, a specific FEA method for analyzing electromagnetic
energy harvesters with similar current transformer-based structures is illustrated, and a
general design method that optimizes the energy harvesters to provide acceptable output
power range for the sensor applications.

1.4 Thesis Outline

The rest of this thesis consists of six chapters. Chapter 2 is a literature review including
the related research projects and previous publications to show what have been studied
and remaining issues to be addressed in these fields. Chapter 3 presents the experimental
setup, lab bench equipment, fabrication of the energy harvesting prototypes, and prelimi-
nary validation of the electromagnetic energy harvesting method. Chapter 4 introduces the
analytical model of the energy harvester to characterize its electromagnetic behavior on the
power output. Chapter 5 continues the modeling using the FEA method to better capture
the magnetic saturation e↵ects. In Chapter 6 a method is proposed to design and optimize
the energy harvesters. At last, Chapter 7 summarizes the work done in this thesis and
provides suggestions for future development.
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Chapter 2

Literature Review

Previous research topics and publications are reviewed in this chapter to reveal a general un-
derstanding of current progress and remaining problems to be addressed in the related fields.
The following six topics are reviewed here: wireless sensor networks, target sensors for con-
dition monitoring, characteristics of the overhead power line, energy harvesting technologies,
power line AC field energy harvesting, and application of ferromagnetic materials in energy
harvesting.

2.1 Wireless Sensor Networks

The concept of wireless sensor network (WSN) has existed for over two decades [45] and it
has been widely applied for condition monitoring of the infrastructures and environment.
Wireless sensor nodes are capable of sensing, processing, communicating, and storing the
collected data as well as performing in-network analysis and sharing information with other
sensor nodes. A typical wireless sensor node consists of four basic components as shown
in Fig. 2.1: a sensing unit, a processing unit, a transceiver, and a powering unit [1]. The
sensing unit converts analog signals into digital data, which is processed and shared with
other sensor nodes. When many deployed sensor nodes cooperatively monitor large physical
environments, they form a wireless sensor network to which they not only talk to each other
but also check in with a base station using wireless radios for data processing, visualization,
analysis, and storage (Fig. 2.2) [10]. A key feature required for the wireless sensor network
is the powering unit, usually a battery or an energy harvesting device, to provide enough
energy for all the stand-alone sensor nodes. Hence, we should take a closer look at the power
consumption of a single sensor node to better understand how to define a viable energy
harvesting system.

The power needs mainly come from the sensor and the radio [60], and the energy harvester
has to at least provide enough energy for them. Taking the inclined or downed power line pole
as an example, an accelerometer, such as STMicroelectronics LIS3L02AS4 [36], with a power
consumption around 2.8 mW can be an ideal sensor to monitor the conditions of the poles. As
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Figure 2.1: Wireless sensing network topology[1]

for radios, the Dust Network Smartmesh wireless mote-on-chip node using industry-leading
low-power technologies is typical of equipment used in the communications industry [53].
The power state numbers are listed in Table 2.1. Although the power for transmitting alone
is 35.3 mW, the peak power occurs when the radio is transmitting, writing to flash memory,
and fully utilizing the microprocessor. The good news is that the sensor nodes barely need
to continuously stream collected data but take duty cycles to save a significant amount of
power [60]. The duty cycling (D) can lower the power consumption as shown in Eqn. 2.1:

Pavg = Ppeak ⇥D + Psleep ⇥ (1�D) (2.1)

Here the energy harvesters only need to meet the average power (Pavg) requirement rather
than peak power (Ppeak) to make the sensor node functional. Including the Dust Network
Smartmesh wireless mote-on-chip, most typical radios have a duty cycle of around 1%, which
means 1% of the peak power would be the benchmark for designing the energy harvesting
devices.

Combined the power consumptions from the sensor and radio, the total peak power
needed is around 111 mW. Assuming a 1% duty cycle, the average power of 1.11 mW is a
benchmark for Dust Network Smartmesh mote. Regardless of the combination of the sensor
and the radio in the nodes, the energy harvesters should provide several milliwatt powers
for sensor nodes with 1% duty cycle.
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Figure 2.2: Components of a typical wireless sensor node[10]

State
Power
(mW)

Peak: System Operating at 14.7MHz, Radio Transmitting, During
Flash Write

108

Doze: RAM on, data and state retained 0.0043
Radio Tx 35.3
Radio Rx 16.6
Active: Peripherals o↵, system operating at 7.37 MHz 4.7
Flash write 13.3

Table 2.1: Power states and magnitudes for a Dust Networks Smartmesh[53]
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2.2 Target Sensors for Condition Monitoring

Each sensor node in the network may monitor a single physical phenomenon or have di↵er-
ent sensing techniques (e.g., acoustic, inertial, magnetic, atmospheric). This work focuses
on condition monitoring of the electrical grid infrastructure and its adjacent environment.
Besides the motion sensor that monitors the safety of the power line poles discussed in the
previous section, we also pay close attention to the impact brought on the environment by the
overhead power lines. Northern California in recent years are su↵ering from the catastrophic
wildfires, which caused up to billions of dollar loss, incinerated forests and structures, and
sabotaged the air quality in the whole Bay Area [43, 13]. Pacific Gas and Electric (PG&E)’s
out-dated equipment and lack of maintenance were identified as main causes of the wildfires.
When the overheated power line conductor touches the tree leaves, a little spark eventually
ends up burning up thousands of acres. Here we propose that atmospheric or gas sensors
such as CO sensors can be used to detect the smoke from burning woods or leaves and report
the threat back to the power line operators before the wildfire actually happens. It would
be ideal to deploy these atmospheric sensors at sensitive locations to closely monitor the
emergence of the targeted gases.

Similarly, we need to evaluate a gas sensor node as a reference to understand the general
power consumption of currently available atmospheric sensors. A good benchmark is the
SPEC Digital CO Sensor, which has a CO sensor, computing unit, and a Bluetooth radio
[12]. The power requirement of this sensor node is between 0.15 to 12 mW, and typically it
only needs 1 mW for 1 minute to trigger samples while 12 mW is for continuous sampling
with 5, 10, 30, and 60 seconds. As expected, the energy harvesting devices need to provide
several mW powering these atmospheric sensor nodes. In this dissertation, the CO sensor
node will be used as the target sensor application for the energy harvesters.

2.3 Characteristics of the Overhead Power Lines

The commercial electrical power began in 1880, as the legacy grid became increasingly large
and interconnected in the United States. Most people here had electricity by 1940s [35].
The major infrastructure of the grid has not changed much since then. The power line
conductors are supported by millions of wooden poles over the country. Generally speaking,
the electrical power system has the structure shown in Fig. 2.3, where the power flow starts
from the generators (circles), goes through the transmission and distribution networks, and
arrives at local areas to serve customers. Transformers (twin curly lines) are used to raise
the voltage before the current enters the transmission lines (230 kV) and drops to the desired
level (12 kV or 120 V) after it goes into the distribution system for mitigating the power
loss in the conductors. Circuit breakers (squares) are used as protection devices to isolate
certain sections of the grid if needed. As discussed in Chapter 1, the overhead distribution
power lines are considered for the energy harvesters since the voltage level is relatively low
and safer to handle.
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Figure 2.3: Basic electrical power system structure[35]

If we zoom into the diagram and take a closer look at the power line conductor, it is
a stranded cable made of either aluminum or aluminum alloy with reinforced strands if
needed. Stranded conductors have great flexibility to bend and manipulate (their cross
section is shown in Fig. 2.4 [19]). The conductors are suspended on insulators of the power
line poles, and between every two poles the line sags due to gravity and forms a catenary
cable shape as shown in Fig. 2.5 [3]. The conductors are subject to mechanical tensions
which need to be controlled within a safe range. If there is too much tension, the conductor
will break, and if the tension is not strong enough, when the weather is windy the line will
start to swing and may hit the nearby conductor. Another concern rises when the current
magnitude is too high and raises the temperature of the conductor. A hot conductor will
sag and may touch a leaf of a tree that is too close to the power line, which could start a
fire and turn into a severe threat.

2.4 Energy Harvesting Sources

As mentioned in the previous section, the powering units in the sensor nodes are critical for
them to function properly in the condition monitoring tasks. Here we need to carefully review
and evaluate the availabilities of multiple ambient energy sources. The energy harvesting
device is technically a transducer that converts one form of energy into another. The source
energy has a variety of forms such as solar, thermal, and mechanical. To power sensor nodes,
obviously the energy harvesters have to produce electrical energy for the power management
and sensor circuits. Fig. 2.6 illustrates how these di↵erent forms of energy can be converted
into electrical power.
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Figure 2.4: Cross section of a stranded aluminum conductor with steel reinforcement[19]

Figure 2.5: Power line sag[3]
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Figure 2.6: Energy harvesting sources

There are three key metrics to evaluate the energy harvesters’ performance regarding the
output power: targeted energy source, allowed footprint, and transduction mechanism. Eqn.
2.2 reveals the relation among the power output and the three factors [65]:

Pavg = p ⇤ Veh ⇤ ⌘ (2.2)

In Eqn. 2.2, p(W/m
3) is the power density of the targeted energy source, Veh(m3) is the

e↵ective volume inside the energy harvester coupled to the targeted energy source, and ⌘ is
the conversion e�ciency of the transduction mechanism. This equation provides a design
guideline when considering the metrics of a specific energy harvester with a provided scenario.

Solar

Light energy can be harvested in mainly two ways: using solar cells to convert sunlight into
electricity or heating up a working fluid by concentrating the solar power [33]. For the first
method, the conduction band of the semiconductor material in the solar cell is energized
by photons in the sunlight, which causes an electron to jump on the conduction band. The
electron leaves behind a nucleus with a positive charge waiting for another electron to come.



CHAPTER 2. LITERATURE REVIEW 12

As the light keeps shining on the solar cells, the electrons will continue to move and generate
electricity. A photovoltaic solar cell is capable of generating significant power output of 15
mW/cm

3 when exposed to direct sunlight during the daytime [46, 20, 49]. However, during
a cloudy day or even under an extreme weather condition, the solar cells’ power output is
largely degraded to only 1% of its daytime performance for the wireless sensor nodes[65].
Also, sometimes the sunlight could be easily blocked by trees or buildings. Accordingly, this
method is better at providing power for the sensor nodes if a large energy storage unit can
be installed on the system, and it requires that the one-time charge and discharge cycle have
at least the power needed for the sensor node.

The second method involves using reflections to concentrate the sunlight at a single point
to heat up the water, and the steam from the boiling water expands through a turbine to spin
a generator which produces useful electricity for target applications [33]. Nevertheless, this
method is not well-suited for powering the sensors on the grid since it requires a large area
with long period of solar radiation, while the single sensor node would more likely operate
within a much smaller space.

Temperature di↵erences

Thermal electric generators (TEG) leverage the Seebeck E↵ect, which describes the phe-
nomenon that charge carriers di↵use across a material from the hot side to the cold side
due to an induced temperature di↵erence, to produce electrical power from wasted heat
resources. This is characterized by a widely applied thermoelectric figure of merit (ZT),

ZT =
↵
2
�T

�
(2.3)

where ↵, �, �, and T are the Seebeck coe�cient, the electrical conductivity, the thermal
conductivity, and temperature di↵erence respectively. In general, the research goal is to
increase (ZT ) since the higher the figure of merit, the more power will come from the TEGs.
Besides the researchers who develop TEGs to power sensors for condition monitoring [26, 9],
others have been focusing on discovering new nano materials to improve the performance of
the TEGs [59, 2]. Recent works also target on new manufacturing methods for TEGs using
dispenser printer to print planar thick films of thermoelectric materials [6, 18]. Although
there could be temperature di↵erences on the power line conductor, during the night time or
certain periods when there is relatively low electricity demands from the users, the current in
the conductor would be relatively low and stable. Hence, a significant temperature di↵erence
will not appear for the TEG to harvest enough energy for the sensor nodes.

Fluid flow

The kinetic energy from the wind or airflow is converted to electrical power in many appli-
cations. In large scales, wind turbines are driven to directly feed power into the electrical
grid, while researchers also create miniature wind energy harvesters that are actuated by the
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airflow in di↵erent examples to power the sensor nodes. A comprehensive review of various
wind energy harvester is found in [40], and the power density is approximately 10 mW/cm

3

at a wind speed of 4.47 m/s. A recent work has devised an wind energy harvester on a
transmission line as a proof of concept [21]. Although the harvester has a peak power up to
three milliwatts, it relies on a certain wind speed to achieve enough power output, but the
wind speeds are almost always unpredictable and vary from location to location.

Radio Frequency

The number of wireless devices has grown dramatically, and many research focuses have
shifted to harvesting energy from ambient radio frequency signals [65]. Several recent works
have demonstrated the embedded micro-systems can be powered by radio frequencies at
a power magnitude of few µW [22, 28, 32]. A study has also shown the capability of an
RF energy harvester to produce 44 µW on a power transmission line[8]. To generate µW

range of power, the RF energy harvesters require a substantial presence of RF signals which
only exist in urban indoor environment. Hence, ambient RF energy is not quite suited for
powering wireless sensor nodes on the overhead power lines.

Wireless power transfer is a similar concept to RF energy harvesting in that it leverages
coupled resonant inductive coils with high Q to transfer electrical power between them[27].
The e�ciency can reach up to 95% over a quite short distance between the coils such as
a meter. However, this approach is more defined as inductive charging rather than energy
harvesting. It has limited application for wireless sensor nodes and might be used if no other
energy sources is available[60].

Vibration: electromechanical energy harvesting driven by inertial
mass

The mechanical energy existed in vibrations is a quite viable source for energy harvesting,
and this transduction mechanism typically requires a mass-spring-damper system coupling to
the vibration source. Therefore, this system is often referred as an inertial energy harvester.
To achieve an optimized power output from the vibrating inertia mass, the mass-spring-
damper system has to match well with the characteristics of the vibration source such as
the frequency. Most of the vibration sources are either broadband or tonal. The broadband
source is usually from random excitations which have unpredictable amplitude and frequency
such as human body motions, while tonal vibration does have a predictable behavior whose
eigenfrequency is dependent on the vibration source’s geometric and material properties [65].
Fig. 2.7 shows a simple mass-spring-damper model of a typical inertial energy harvester,
and its equation of motion is

M
d
2(x+ y)

d2t
= �(Cm + Ce)

dx

dt
�Kx (2.4)
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where M, K, and C are the mass, spring constant, and damping factor, respectively. Cm is
the parasitic mechanical damping and Ce is the electrical damping from the nonlinear com-
ponents in the circuit. Here, x is the displacement of the inertial mass from its equilibrium
position, y is the distance of the vibration base from the reference point, and d is the space
between the equilibrium point and the vibration base. Assuming d

2
y

d2t
is a sinusoidal vibrating

signal:
d
2
y

d2t
= A0sin(!t) (2.5)

then the displacement of the inertial mass is

x =
A0q

(!2
0 � !2)2 + 4(⇣m + ⇣e)!2

0!
2

(2.6)

where !0 is the resonance frequency of the system and ⇣ is the damping coe�cient for both
the mechanical and electrical damper. Since the instantaneous output power is obtained by
evaluating the power dissipated in the electrical damper,

P (t) = Ce

dx

dt
(2.7)

the average power output is

Pavg =
M!0⇣e!

2
A

2
0

(!2
0 � !2)2 + 4(⇣m + ⇣e)!2

0!
2

(2.8)

and then the maximum power is defined in Eqn. 2.9 if the resonance frequency is reached,

Pmax =
⇣e

⇣e + ⇣m

MA
2
0

4!
(2.9)

More details can be found in [37] regarding the analysis of a basic mass-spring-damper model.
On overhead power lines, a well-positioned magnet can couple to the AC magnetic fields

generated by the current in the conductor to become a vibrating inertial mass[52]. There
are three major electromechanical transducers that convert mechanical energy to electrical
power: piezoelectric, electrostatic, and electromagnetic.

Piezoelectric

Piezoelectricity describes the phenomenon that a piezoelectric material will generate an
electrical field within itself in response to applied mechanical stresses. The piezoelectric
materials are usually polymeric or ceramic. In general, a vibrating inertial mass is attached
to a piezoelectric beam so that the mechanical vibration can generate the desired electrical
power. For years the piezoelectric energy harvesters have been widely developed and applied
for wireless sensor nodes [16, 48, 54, 29].
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Figure 2.7: Mass-spring-damper model

For the overhead power lines, magnets are integrated with the piezoelectric beam, and Xu
et al. develop an innovative piezoelectric energy harvester that couples with the AC current
in the conductor to provide a milliwatt range power for a sensor node with a radio (Fig. 2.8)
[42]. However, a key disadvantage for piezoelectric energy harvesters is that the electrical
degradation due to mechanical fatigue is very hard to characterize and predict [44], which
could cause operation failure of the harvester and require frequent undesired replacements.

Electrostatic

Electrostatic energy harvesting is done by varying the capacitance between two electrodes
with pre-applied constant voltage or charge to generate an electrical output. The basic
schematic of the energy harvester is shown in Fig. 2.9. It has a moving mass-spring-damper
system and a stator fixed to an anchor, and they are both electrodes carrying the voltage
or charge. To induce constant charges, an electret [55] is used in the electrostatic energy
harvesters found in [23, 5], and Son et al. describe a method to harvest energy on the power
line conductors as shown in Fig. 2.10 [41].



CHAPTER 2. LITERATURE REVIEW 16

Figure 2.8: Piezoelectric energy harvester on a power line conductor[42]

Figure 2.9: Schematic of electrostatic energy harvester with di↵erent configurations: (a)
in-plane gap closing (b) in-plane overlap varying and (c) out-of-plane gap closing [65]
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Figure 2.10: Schematic of an electrostatic energy harvester on an overhead power line con-
ductor[41]

Electromagnetic

The electromagnetic energy harvester driven by an inertial mass produces an electrical output
based on the Faraday’s Law. A schematic of a basic electromagnetic energy harvester is
illustrated in Fig. 2.11, and the vibrating mass can be either the coil or the magnet as long
as there is varying magnetic flux generated through the coil. The Faraday’s Law defines the
relationship between the voltage and the changing magnetic field as

V = � @

@t

Z

S

�!
Bd

�!
a = �N

@B

@t
A = �@�

@t
(2.10)

where B is the magnetic flux density in the cross-section area, A, of the coil (assuming the
coil is a cylindrical multi-turn), N is the number of turns, and � is the flux going through
the coil. Accordingly, when there is relative motion between the coil and the magnet, the
magnetic flux seen by the coil will keep changing over time, and electricity will be generated
in the coil. This system is also known as a voice coil (VC) device, and it can be characterized
by an equation of motion,

Fext + kf i = M
d
2
x

d2t
+ C

dx

dt
+Ksx (2.11)

where Fext is the external load on the mass, and kf is the electromechanical coupling factor,
and the right-hand side of the equation is for the mass-spring-damper system. The di↵erential
of the current is

V = Ri+ L
di

dt
+ kf

dx

dt
(2.12)

where L and R are the inductance and resistance of the coil. By solving for the coil’s voltage,
the output power can be obtained. This kind of electromechanical energy harvester can be



CHAPTER 2. LITERATURE REVIEW 18

Figure 2.11: Schematic of a basic electromagnetic energy harvester model with a moving
magnet and a static coil (top) or a moving coil and a static magnet (bottom)[65]

installed on a water pump, a vehicle shock absorber, or a human body [61, 51, 30]. Fig. 2.12
shows a VC energy harvester developed by Waterbury et al. [60] that can harvest up to 1
mW of average power when installed on a pump motor or a machine tool.

2.5 Power Line AC Field Energy Harvesting

If we are going to couple the aforementioned electromechanical energy harvesters in the
preceding section with the current-carrying conductor, they all share an issue that each of
them will have two stages of transduction. A permanent magnet is used as the vibrating
mass when it couples with the AC magnetic field from the power line, whose energy is
converted from the magnetic energy of the current. Then the kinetic energy is harvested for
electrical output using one of the three transduction mechanisms: piezoelectric, electrostatic,
and electromagnetic. Hence, this ”double conversion” will result in more power loss since
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Figure 2.12: Voice coil electromagnetic energy harvester (a) Schematic of the voice coil and
(b) Assembly of the energy harvester[60]

each stage has a limited e�ciency, and the product of the two e�ciencies is less than each
of them. Besides the disadvantage in e�ciency, the maintenance issue also deserves some
considerations here. All the electromechanical energy harvesters have at least one moving
part, which is subject to potential mechanical failures such as fracture and fatigue. It
will cause more problems for the utility company to deal with rather than provide reliable
condition monitoring. This dissertation, on the other hand, will present how to use only
one transduction mechanism to improve the power output. There are two ways of directly
harvesting energy from the AC field of the power line without using a moving part: capacitive
coupling with the AC electrical field and inductive coupling with the AC magnetic field of
the power line conductors.

Electrostatic

The electrostatic energy harvester is using capacitive coupling with the alternating electric
field of the overhead power line. A floating capacitive structure is made to harvest energy
near ground level as the line voltage changes over time. Zhao et al. [67] has developed a
method to use a tubular conductor around the power line to form two capacitors shown in
Fig. 2.13 to obtain electrical output on a load impedance. One capacitance is between the
power line and the tube, and the other is between the tube and the ground. Hence, the



CHAPTER 2. LITERATURE REVIEW 20

voltage across the load can be obtained as

u =
ZL

1+j!CWEZL

ZL
1+j!CWEZL

+ 1
j!CEG

u0 (2.13)

where u0 is the line voltage, and u is the load voltage. The two capacitances are defined as

CWE =
2⇡✏0✏rl

ln(r2/r1)
(2.14)

and

CEG =
2⇡✏0l

cosh�1 (d/r2)
(2.15)

where d is the distance from the ground to the tube, l is the length of the tube, r1 is the
radius of the power line, and r2 is the mean radius of the tube. Accordingly, the load voltage,
u, can be solved using the three equations above: the output power is expressed as

P =
u
2

ZL

(2.16)

and the maximum power is obtained by taking the derivative

@P

@ZL

= 0 (2.17)

to calculate the ZL that satisfies this condition and using this impedance in Eqn. 2.16.

Electromagnetic

Similar to the electrostatic energy harvester, an electromagnetic energy harvester couples to
the alternating field of the power line to harvest energy, but it interacts with the currents in
the conductor rather than the voltages. The electromagnetic energy harvester is technically
a coil with a magnetic core that coverts the magnetic energy from the AC current into an
electrical power output. The power line conductor has a very large insertion impedance so
that the energy harvester will not interfere with the line’s operation. Fig. 2.14 shows the
basic architecture of an electromagnetic energy harvester coupling to the overhead AC power
line conductor. A simple calculation will illustrate how the electromagnetic coupling works
and show how the output voltage is obtained from the harvester. First, the magnetic flux
that goes through the coil is

� =
Z

S

BdA =
Z

S

µ0iP

2⇡r
dA (2.18)

where µ0 is the vacuum permeability, r is the radial distance from the center of the conductor
to a random point inside the coil, and iP is the current in the conductor. Assuming the coil
is thin so that the flux is uniform, the integral becomes

� =
Z

l0

0

Z
r2

r1

µ0iP

2⇡r
drdl =

µ0iP l0

2⇡r
ln

r2

r1
(2.19)
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Figure 2.13: Principal structure of the electrostatic energy harvester. (a) Harvester archi-
tecture and (b) Equivalent circuit [67]

where l0 is the length of the coil, and r1 and r2 are the smallest and largest radial distance
from the coil to the conductor. The voltage can be calculated using Faraday’s Law,

V (t) = N
d�

dt
=

µ0l0

2⇡r
ln

r2

r1

diP

dt
(2.20)

and where N is the number of turns in the coil. Hence, the power output will be

P = V
2
/R (2.21)

which also depends on the load resistance, R.
The actual energy harvester also uses a magnetic core to enhance the coupling with

the magnetic field to increase the output power, and this will make the calculation more
complicated. More details will be discussed in the next section and later chapters regarding
these matters. Moon et al. have designed an electromagnetic energy harvester that couples
to the power cord (Fig. 2.15) of a motor to power sensors that monitor the motor’s operating
condition [39]; in addition many attempts have been taken to harvest energy from the power
lines to power di↵erent sensor nodes (Fig. 2.16) [38, 57, 66, 11, 47, 4]. It has also been shown
that the electromagnetic energy harvester can directly couple with the AC magnetic field
without using a permanent magnet as the vibration source, which will have a much higher
power output.
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Figure 2.14: Electromagnetic energy harvester couples with the AC power line conductor

Figure 2.15: Electromagnetic energy harvester for monitoring motors[39]
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Figure 2.16: Electromagnetic energy harvester coupled to AC power line[4]

Skin e↵ect of copper wires

The skin e↵ect is a phenomenon in which current density becomes concentrated at the outside
of a conductor rather than being uniformly distributed through the conductor. Fig. 2.17
demonstrates a simulated distribution of the current density in a cross-section of a conductor
carrying one amp of current at a frequency of 128000 Hz. We can see that the current density
is mainly concentrated near the outside region. The high concentration of current density at
the outside of the conductor leads to higher ohmic losses than would otherwise occur. The
skin e↵ect is associated with ac currents and becomes increasingly pronounced as frequency
increases [56]. For copper, the skin depth is calculated as the following at 60 Hz,

� =

s
2⇢

!µ0
=

s
2 ⇤ 1.68 ⇤ 10�8

2⇡60 ⇤ 4⇡ ⇤ 10�7 = 8.4mm (2.22)

Since the size of the copper wire used in this work is AWG 30 (0.255 mm in diameter) or
smaller, the skin depth is much larger than that, and the skin e↵ect can be neglected in this
case.

2.6 Applications of Magnetic Materials in AC Field
Electromagnetic Energy Harvesting

Magnetic materials, also known as materials with high permeability, are broadly used in nu-
merous magnetic applications such as inductors, transformers, switches, and wireless charg-
ers. They generally have high permeability to intensify the magnetic flux going through the
coil to increase the electrical output. The time-varying magnetic field intensity (H) from
the AC current converts to the magnetic flux density (B) according to the B � H curve
of the magnetic material. The curve has a diminishing return characteristic that the flux
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Figure 2.17: Current density distribution of a conductor carrying 1 Amp @ 128k Hz

density will reach a maximum after a certain level of magnetic excitation, which is known
as the saturation e↵ect (Fig. 2.18) [56]. There are two main categories of material used in
electromagnetic energy harvesters: ferromagnetic and ferrimagnetic materials.

Ferromagnetic and ferrimagnetic materials

In both ferromagnetic and ferrimagnetic materials, their individual atoms possess a strong
net moment. For ferromagnetic materials, the interatomic forces cause these moments to
form so-called domains. The moments cancel out in the absence of external field while under
an excitation such as the magnetic field from the current in the power line, the domain walls
will align with the direction of the applied field. The unaligned domains will shrink and
exert strong interactions with the external fields. Some examples of ferromagnetic materials
are iron, nickel, and cobalt. As for ferrimagnetic materials, they are similar to ferromagnetic
materials regarding the atomic moments, but some of the moments are in a reverse direction
from the rest under the e↵ect of an external field. A well-known example of ferrimagnetic
material is the ferrite. The di↵erence between the atomic moments of these two magnetic
materials is shown in Fig. 2.19.

Eddy current losses

Eddy current losses are associated with the induced current in a conductive material due
to external magnetic flux penetrating the material surface. It can occur in any conductive
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Figure 2.18: Example B-H characteristic of a M47 silicon steel[56]

Figure 2.19: Atomic magnetic moment of (a) ferromagnetic and (b) ferrimagnetic materi-
als[56]
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medium, no matter whether it is magnetic or not. A concise derivation can be found in [56].
Eddy current losses can be mitigated by taking certain actions such as reducing the

material’s conductivity, and because of this, the ferrimagnetic materials are better than
the ferromagnetic ones that have a much lower conductivity. Sometimes in simulations the
conductivity of a ferrite can usually assumed to be zero (non-conductive). Nevertheless,
we can overcome this issue for ferromagnetic materials by adding silicon to the steels, and
this compound is so-called silicon steel or electrical steel, which is frequently used in power
transformers and will be discussed in detail later. Another option to reduce the eddy current
losses is to build lamination layers from the steels, and their surfaces between the layers are
insulated. This can minimize the induced current flow in the material.

Electrical steels

”Electrical steels” are popular magnetic materials used in many AC magnetic applications.
They have a high relative permeability, µr, between 1500 and 2000. The material is designed
to reduce eddy current losses as previously discussed. Electrical steels are divided in two
categories: grain-oriented and non-oriented. Grain oriented ones have symmetrical structures
where cubic crystals are all arranged in the same direction as the steel plate has been rolled
[64]. On the other hand, non-oriented steels have the similar properties in all directions.
Because of this, grain-oriented steels suit well with inductors, transformers, etc., while non-
oriented steels are better for motors and generators. In this work, since the flux is circulating
in only one direction, the grain-oriented steels are used to align with that to fully leverage
its high permeability for better performance.

Magnetic saturation

Magnetic saturation happens when the magnetic flux density, B, no longer increase linearly
with the increasing magnetic flux intensity, H, as shown in Fig. 2.18. The flux density
initially increases linearly with the flux intensity, and the slope is the permeability of the
material. As it passes the knee point, the rate of change of the flux density will start to drop
dramatically no matter how strong the magnetic field is applied. The mechanism behind the
saturation e↵ect is due to the atomic domain wall movement in the magnetic materials. As
shown in Fig. 2.20 (a), at the beginning when there is no external magnetic field applied
to the material, the domains (numbered from 1 to 10) are randomly oriented. Then, if an
external field is applied (Fig. 2.20 (b)), the domains with the direction of the field will
become larger, while those not aligned will get smaller. This is the reason why there is
a large change in flux in response to a given change in flux intensity. Increasing the field
intensity (H) will further cause shift in the domain walls until the aligned ones fully occupy
the entire space, and it is the time the full magnetic saturation takes place.
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Figure 2.20: Atomic domain walls of a magnetic material with (a) no applied field and (b)
an applied field [56]

2.7 Conclusion

In this chapter, target sensors are studied for the purpose of condition monitoring in an
electrical power system. Various types of energy harvesters are reviewed, and an induc-
tive electromagnetic energy harvester is shown to suit best for a distribution power line
environment regarding the physical installation, power output, and cost. The magnetic be-
haviors and loss mechanisms are also discussed to evaluate potential impacts on the energy
harvester’s power output.
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Chapter 3

Prototyping and Preliminary Testing

The first two chapters covered the background, motivation, and literature review of this disser-
tation. This chapter presents the experimental explorations done to investigate the capability
of the electromagnetic energy harvester’s output power. A power line mock-up operating at
60 Hz is set up in a lab environment to test the energy harvester prototypes. The inductive
method can be dated back to Michael Faraday’s experiments. Here this approach is applied to
couple the energy harvester with the power line conductor, and so-called magnetic flux guides
made of ferromagnetic materials are used to enhance the output power of the harvester.

3.1 Overview of the AC Current in the Power Line
Conductor

The overhead power distribution line carries an AC voltage which is a sinusoidal source at a
frequency of 60 Hz (or 50 Hz for most of Asia and Europe) as depicted in Eqn. 3.1,

V = Vs ⇤ cos(2⇡ft+ �) (3.1)

where Vs is the peak value of the voltage, f is the frequency, and � is the phase angle. Then
the current flowing in the conductor will be in a similar form but its magnitude will depend
on the loads connected to the local grid. For now, we assume that the AC current has the
following expression and its root-mean-square (rms) (Eqn. 3.3) value could range from a few
amperes to over 100 amps.

I = Ipsin(2⇡ft) (3.2)

Irms =
Ipp
2

(3.3)

Similarly, Ip is the peak current, and Fig. 3.1 demonstrates an example current profile in
time domain with a peak current of 30 Amps. Before moving on, we need to clarify that for
the remainder of this chapter and the entire dissertation, whenever the numerical value of
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Figure 3.1: Sinusoidal AC current in the power line conductor

the current in the conductor is referred to or used, it means the rms value of the current. It
is important to di↵erentiate the peak and rms currents since the output power of the energy
harvester depends significantly on the magnitude of the line current.

3.2 Experimental Setup

In this section, the details of the experimental setup will be demonstrated. The purpose here
is to show how the tests and measurements are performed and obtained, respectively, and
allow future researchers to repeat the steps if necessary. This chapter focuses on experimental
measurements of the electromagnetic energy harvester, and it would be quite unsafe to
frequently test the harvester prototype on the actual overhead power line conductor, so
a well functioning mock-up is needed in a lab bench environment for convenient and safe
operations. The mock-up power line should carry the AC current as depicted in the previous
section. Fig. 3.2 shows the schematic of how a power line is physically simulated using
several electrical lab equipment and a partially stripped underground cable. In the diagram,
the varying AC current source is built using a Variac R� autotransformer connected with a
Radioshack R� soldering gun (soldering tip removed). The autotransformer can be adjusted to
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Figure 3.2: Schematic of the power line mock-up

output varying AC voltages to the soldering gun, which energizes a loop conductor (Fig. 3.3).
In this way, the conductor carries an AC current, and its magnitude can be controlled using
the autotransformer. For the loop conductor, an underground cable with insulated protection
rather than a bare conductor is chosen for safety concerns. In general, the underground cables
have thick insulation around bare metal conductors, and the bare parts are almost identical
to overhead power lines (Fig. 3.3). For the underground cable used in this dissertation, a
small portion of the insulation layer is removed so that the energy harvester can directly
couple with the stranded bare aluminum conductor.

The rms magnitude of the AC current in the conductor will be monitored using an hp
34401a multimeter with a Fluke Y8101A current sensor. The energy harvester is placed
against the conductor for maximum coupling. An Extech R� resistor box with various resis-
tance outputs is used to evaluate the AC output power generated from the energy harvester.
The range of the output current from the autotransformer is from 0 to roughly 100 Amps.
The complete experimental setup of the power line mock-up and the energy harvester is
shown in Fig. 3.4.

3.3 Design, Fabrication, and Testing of the Energy
Harvester Prototype

Energy harvester prototype

The energy harvester is a rectangular coil winding with a laminated core. Its bobbin is made
using a Stratasys uPrint SE 3D printer[25], and copper wires with the size of AWG 30 are
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Figure 3.3: Partially stripped underground cable

wound around the bobbin (Fig. 3.5a). The 3D printer is able to handle parts with customized
shapes, saves time when making prototype devices, and makes it easy to assemble the printed
parts. The number of windings is chosen to be 1250 for the prototype in preliminary tests,
and it can be further optimized to improve coil design later. A magnetic core is made using
AK Steel M6 electrical steels. The electrical steel sheets are cut into strips using a water jet
cutter, and the pieces are stacked into a laminated core to increase the magnetic coupling
and reduce the eddy current loss in the core (Fig. 3.5b). The electrical properties of the
energy harvester are summarized in Table 3.1.

The energy harvester’s output power is obtained by measuring the rms voltage across
the load resistor box connected to it with a current of 10 Amps in the power line conductor.
The resistance is increased by steps of 50 ohms to evaluate the maximum power output. The
results shown in Fig. 3.6 indicate that the maximum power of 0.1 mW can be achieved on
a load resistance of around 100 ohms. The power output from the energy harvester is also
quite sensitive to the relative position to the power line conductor. The position sensitivity
tests are performed as the energy harvester is moved horizontally and vertically, and the
output power is measured at each location. The results are shown in Fig. 3.7 and 3.8, and
moving the energy harvester away will significantly reduce the output power. It is desired
to install the harvester up against the conductor to optimize the performance.
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Figure 3.4: Power line mock-up with the energy harvester and load resistor

Figure 3.5: Rectangular coil winding with 1250 turns (coil only (a) and coil with a laminated
core (b))

Number of Turns Resistance (ohms) Inductance (H)
1250 107.6 0.38

Table 3.1: Electrical properties of the energy harvester
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Figure 3.6: Comparison of the energy harvester’s output power with and without the flux
guide

Number of Turns Resistance (ohms) Inductance (H)
1250 107.6 2.78

Table 3.2: Electrical properties of the energy harvester with a flux guide

Enhancement of the magnetic coupling

The energy harvester’s coupling with the current-carrying conductor can be further increased
by using more magnetic materials. The magnetic materials can guide more magnetic flux
around the conductor to the energy harvester and enhance the coupling. Doing so will
significantly increase the power output. A piece of electrical steel is cut and bent to enclose
the conductor and the energy harvester without adding much volume to the harvester to
guide more flux as shown in Fig. 3.9. The electrical properties of the magnetically enhanced
coil are shown in Table 3.2, and we can see that the inductance is significantly increased.
The output power is measured again using the same method with a current of 10A in the
power line conductor, and the results are shown in Fig. 3.6. The maximum output power
now is around 30 mW, and it is 300 times as much power output as if no flux guide is added.

This configuration distinguishes the energy harvester from the ones with a toroid shape
that encircles the power line conductor. Installation of a toroid would challenge the power
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Figure 3.7: Output power vs. vertical positions relative to the conductor

companies to take down the conductor and put it back on. It also occupies a large space
around the conductor. However, the energy harvester with the flux guide presented in this
dissertation can be snapped onto the conductor, and its footprint is much reduced. The
power output of 30 mW (10A in the conductor) looks quite promising for sensor applications
since the power line conductor can quite often carry a current of 10 Amps.

Enclosure case for the energy harvester

In order to install the energy harvester on a power line conductor, an enclosure case can
also be made using the 3D printer. It can hold the harvesting device and the sensor circuit
board in place and prevent the system from external contacts. The enclosure case presented
here is merely a concept illustration, in an ideal case it should provide features such as being
waterproof and protected from corona discharges. Fig. 3.10 demonstrates how the enclosure
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Figure 3.8: Output power vs. horizontal positions relative to the conductor

Figure 3.9: Energy harvester with a flux guide (a) installed on a power line conductor (b)
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Figure 3.10: Enclosure case for the harvester-sensor system

case can be installed with the energy harvester-sensor system on the power line conductor.

3.4 Experimental Measurements of the Energy
Harvester’s Output Power

The power output is further evaluated under di↵erent power line currents to explore changes
in the maximum power output. Plots of power versus load resistance (up to 1500 ohms)
when power line current is 10, 30, and 50 Amps as well as power versus power line currents
(up to 50 Amps) are demonstrated in Figs. 3.11 - 3.14. The plots show that as the current
in the power line conductor increases the load resistance that carries the maximum power
output will decrease. The power output depends significantly on the power line current that
the maximum power can go up to 200 mW when the current is 50 Amps instead of 30 mW
for a 10 Amp current.

3.5 Test of the Energy Harvester with a Sensor
Circuit Board

The energy harvester has shown to have a power output of tens of milliwatts, and it is tested
with a sensor circuit board using a power management circuit. The power management
circuit (Fig. 3.15a) has an AC to DC rectifier that converts the AC signal from the energy
harvester to DC output. The DC output is then adjusted and regulated at a desired level
of voltage using the DC-DC converter and regulator. A SPEC R� sensor circuit board shown
in Fig. 3.15b operates at 5 volts and has a Carbon Monoxide and an Ozone sensor as
well as a Bluetooth radio for wireless communication. The whole harvester-sensor system is
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Figure 3.11: Power vs. resistance with 10 Amps in the power line conductor

Figure 3.12: Power vs. resistance with 30 Amps in the power line conductor
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Figure 3.13: Power vs. resistance with 50 Amps in the power line conductor

Figure 3.14: Power vs. current in the power line conductor
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Figure 3.15: Power management circuit (a) and sensor circuit board (b)

Figure 3.16: Energy harvester-sensor system

demonstrated in Fig. 3.16 when they are all connected. A Della R� ozone generator is used
to test the response ozone sensor powered by the energy harvester, and Fig. 3.17 shows a
plot of the ozone concentration. We can see that after the source is turned on, the sensor
detects the ozone, and the concentration goes up. Then it drops as the source is turned o↵.
The change in ozone concentrations shows the sensor is functioning properly and proves the
energy harvester is capable of powering the sensor circuit board.
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Figure 3.17: Ozone concentration vs. time
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Chapter 4

Analytical Modeling of the Energy
Harvester

The preceding chapter demonstrated the experimental setup of the power line conductor,
fabrication of the electromagnetic energy harvester, and test measurements of the output
power. In order to design an energy harvester that has optimized performance, analytical
modeling is required to understand its electromagnetic behavior. This chapter will introduce
a current transformer circuit model capable of making a good approximated prediction of
the energy harvester’s electrical behavior as well as its output power. Magnetic saturation
is studied and considered for the harvester’s performance. The circuit model will later be
shown as a good design guideline but not entirely an accurate tool for optimizing the energy
harvester.

4.1 Energy Harvester and Sensor System

The goal of this work is to design and fabricate an electromagnetic energy harvester to
power sensors on overhead power distribution lines. The flow chart of this system is shown
in Fig. 4.1. The harvester couples with the magnetic fields generated from the AC currents
in the power lines and converts the magnetic energy into electrical power. Then, the AC
input needs to be converted and adjusted to a constant DC output using a rectifier and DC-
DC converter, respectively. After that, it will power the sensor circuit board. The power
delivered by the circuit is shown in Eqn. 4.1

P = PEH ⇥ ⌘c (4.1)

where PEH is the power from the energy harvester and ⌘c is the e�ciency of the converters
in the power management circuit. Since the e�ciencies of the converters are relatively fixed,
the work here will be focused on maximizing the AC power from the energy harvester.



CHAPTER 4. ANALYTICAL MODELING OF THE ENERGY HARVESTER 42

Figure 4.1: Energy harvester and sensor system on the overhead power line

4.2 Analytical Modeling

Current Transformer Circuit Model

Before deriving the equation to calculate the output power of the electromagnetic energy
harvester, we need to find an analytical model to describe its electrical behavior. According
to Moon and Leeb [39], a current transformer circuit model (Fig. 4.2) can be used to calculate
the power output and provide a guideline to optimize the design of the energy harvester. In
Fig. 4.2, the power line is modeled as a single turn conductor carrying a current, Ip, on the
primary side, and the energy harvester is a multi-turn coil on the secondary side with the
magnetizing inductance and wire resistance. Together they form a current transformer with
a turns ratio of 1 : N . The load here is a resistor for evaluating the AC output power from
the harvester. The current in the secondary branch is the power line current multiplied by
the turns ratio, and it is divided into a magnetizing current through the inductor and a load
current seen by both the resistances.

Ideal inductor modeling

The first approach to solve the current transformer circuit is to assume the magnetizing
inductance is constant and solve the circuit to calculate the power on the load resistor. The
equation for the power output is

Pavg =
(IP!Lµ)2 ⇥RLoad

N2[(RWire +RLoad)2 + (!Lµ)2]
(4.2)

and the results are shown in Figs. 4.3 to 4.5 as output power versus load resistance. In Fig.
4.6 the power is also evaluated with varying power line currents.
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Figure 4.2: Current transformer circuit model [39]

Figure 4.3: Power vs. load resistance with primary current of 10 Amps and ideal inductance
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Figure 4.4: Power vs. load resistance with primary current of 30 Amps and ideal inductance

Figure 4.5: Power vs. load resistance with primary current of 50 Amps and ideal inductance
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Figure 4.6: Power vs. primary current with ideal inductance

Saturation in the Energy Harvester

From Figs. 4.3 to 4.6 we can see that the ideal inductor model has a very good prediction at
low primary currents (IP < 10Amps) but as the current increases the simulation results start
to deviate from the experimental measurements. It is due to the magnetic saturation in the
flux guide because as the primary current increases, the induced flux density in the flux guide
increases, and the flux guide is only 0.35 mm thick, it is easy for the magnetic flux to saturate
it. Another observation comes from the behavior of the load current, since the power line
current is a sinusoidal input, the output from the energy harvester is expected to have the
same manner. However, the measured load current shown in Fig. 4.7 is significantly distorted
because of the saturation in the energy harvester. This also explains why there are large
discrepancies between the ideal inductor simulation results and experimental measurements.
More details of the saturation will be discussed as we dive deeper into the circuit model of
the energy harvester.

A main challenge is to characterize the saturation in the magnetic material to understand
how it changes the circuit behavior of the current transformer model. The ideal inductor
model failed because the magnetizing inductance changes as saturation occurs. When there
is no saturation, due to the high permeability of the magnetic materials, the impedance from
the magnetizing inductance, Lµ, is very large. Hence, we can assume that the voltage across
the inductance is high enough that the load current is approximately equal to the secondary
current (Eqn. 4.3).

ILoad =
IP

N
(4.3)

However, as saturation occurs the magnetic flux going through the secondary side will reach
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Figure 4.7: Measured load resistor current vs. time

a maximum so the change in magnetic flux is 0.

d�

dt
= 0 (4.4)

According to Faraday’s Law,

V = N
d�

dt
(4.5)

the voltage drops to 0, and the circuit diagram will look like the one in Fig. 4.8, which now
behaves as a short circuit.

From here we should look for certain conditions that will cause the voltage of the mag-
netizing inductance drop to zero or making this branch a short circuit, and these conditions
are the root causes of the saturations in the magnetic materials. In the circuit, if the load
resistance is too large, then it behaves like an open circuit, and the branch of the magnetizing
inductance is shorted. On the other hand, when the primary current is too large, the strong
magnetic field generated from it will also saturate the magnetic material. Accordingly, sig-
nificantly large load resistance and primary current are the two main factors that will cause
the saturation in the energy harvester.

Load Current Behavior Due to Saturation

As discussed in Chapter 2, the orientations of the magnetic moments in the material will
change due to the externally applied field. We also care about how long the field is applied
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Figure 4.8: Current transformer circuit model during saturation [39]

Figure 4.9: Magnetic moments in part of the flux guide against the power line conductor

because the voltage changes with the rate of change of the magnetic flux according to Fara-
day’s Law (Eqn. 4.5). In the energy harvester, saturation is most likely to occur in the
part of the flux guide which is immediately adjacent to the power line conductor and thin in
dimension. Under the applied field from the power line current, the magnetic moments will
align in the same direction until no moments carry a di↵erent direction, and that is when
the saturation completes. Here we will focus on a part of the flux guide shown in Fig. 4.9
that is next to the conductor and evaluate how the saturation in this part a↵ects the load
current behavior.

Fig. 4.10 demonstrates the profile of the load current as the energy harvester (secondary
side) is energized by the power line conductor (primary side). In the plot, tsat means the
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Figure 4.10: Saturation process in the target area when t = 0

time when saturation occurs in the magnetic materials, we assume that the current on the
secondary side will completely drop to zero at this point, and T

2 is the time of the half cycle.
At the very beginning (t = 0), when there is no current in the primary side, no magnetic
field is applied on the magnetic material, so the magnetic moments are oriented randomly
as shown in Fig. 4.10. Then the power line current starts to increase, it generates field that
is applied on the magnetic material, and the magnetic moments with the same orientation
start to dominate. The load current will follow the same manner of the power line current
as shown in Fig. 4.11. Eventually the load current is similar to a sinusoidal signal except its
magnitude is zero when the saturation comes in for each half cycle.

As the field from the primary current keeps being applied on the magnetic material,
the moments with the same orientation as the field will take over the whole space, and the
magnetic flux will reach a maximum (Fig. 4.12. This is when the saturation happens, the
load current will drop to zero after tsat, and there will be no power delivered to the load
resistance (Fig. 4.13). After the half cycle the primary current will invert its direction, and
the same process will repeat until the saturation happens again (Figs. 4.15-4.16).

Impacts on Output Power

Saturation may seem undesirable since we observe load current loss in Fig. 4.7, and it
is usually avoided in magnetic applications such as transformers and magnetic switches.
However, according to Moon and Leeb[39], a slight saturation is actually needed to achieve
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Figure 4.11: Saturation process in the target area when 0 < t < tsat

Figure 4.12: Saturation process in the target area as t ! tsat
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Figure 4.13: Saturation process in the target area when tsat < t <
T

2

Figure 4.14: Saturation process in the target area when T

2 < t <
T

2 + tsat
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Figure 4.15: Saturation process in the target area as t ! T

2 + tsat

Figure 4.16: Saturation process in the target area when T

2 + tsat < t < T
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Figure 4.17: Average power comparison between (a) just before saturation and (b) slight
saturation

maximum average power output in energy harvesting applications [39]. We can illustrate
this idea first by deriving the equation for the output power. Assume tsat is known, the
average power can be calculated as

Pavg =
2

T

Z
tsat

0
I
2
Load

⇥RLoaddt (4.6)

and the power is obtained from a half cycle. Since the saturation can be driven by varying
the load resistance, we can assume two values of the load resistance that a R1 will be just
before saturation in the energy harvester and the other R2 will induce a very low level of
saturation. Then the average power corresponding to R1 and R2 are shown in Fig. 4.17 (a)
and (b), respectively. Since R2 is a bit larger than R1, although the power will lose a small
amount after saturation, its peak instantaneous power will be larger than the one in Fig.
4.17 (a). There must exist a case when the increase in average power due to the increase
in peak power will overcome the loss due to saturation, and that is when the average power
reaches the maximum. This is also proved in experimental measurement: in Fig. 4.18, the
average power produced on R1 and R2 are indicated on the plot, and the value from R2 is
maximized and higher than the one from R1.

4.3 Output Power Under Saturation

The load current profile is obtained through the studies of the saturation in the energy
harvester, but before we can derive the equations to calculate the output power, we need
to find out the time when the saturation happens. The saturation time, tsat, depends on
several parameters such as the number of turns, N , primary current, IP , and load resistance,
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Figure 4.18: Maximum average power achieved on a slight saturation

RLoad. First let’s take a look at the part of the flux guide that is most likely to saturate in
Fig. 4.9, the amount of saturation magnetic flux can be calculated as

�sat = 2⇥ Bsat ⇥ A (4.7)

where Bsat is the saturation point from the magnetic material’s B-H curve and A is the
area of the cross section where the flux flows. Since in a half cycle the magnetic material is
energized from �Bsat to Bsat, the factor of 2 is needed for the total flux. In this case,

A = t⇥ L (4.8)

where t and L are the thickness and length (along the power line conductor) of the flux
guide, respectively. Now if we go back to the circuit diagram in Fig. 4.2 and the Faraday’s
Law (Eqn. 4.5), we can calculate the flux as

� =
Z

t

0

V

N
dt (4.9)

and when t equals tsat, the saturation flux is

�sat =
Z

tsat

0

V

N
dt (4.10)

The voltage in the equation can be calculated from the circuit in Fig. 4.2, and it is

V = (RWire +RLoad)⇥ ILoad (4.11)
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and before the saturation, we assume ILoad =
Ip

N
so

V = (RWire +RLoad)⇥
Ipsin(!t)

N
(4.12)

Now we can substitute Eqn. 4.7 and 4.12 into Eqn. 4.10 to calculate tsat:

2⇥ Bsat ⇥ A =
Z

tsat

0

(Rwire +RLoad)⇥ IP sin(!t)

N2
dt (4.13)

and

tsat =
1

!
cos

�1(1� 2!BsatAN
2

IP (Rwire +RLoad)
) (4.14)

Next from Eqn. 4.6, the average power can be calculated integrating from t = 0 to
t = tsat in a half cycle as the following:

Pavg =
2

T

Z
tsat

0
(
IP sin(!t)

N
)2 ⇥RLoaddt (4.15)

and

Pavg =
I
2
P
RLoad

2⇡N2
[!tsat �

sin(2!tsat)

2
] (4.16)

We need to solve both Eqn. 4.14 and 4.16 to finally obtain the average power output from
the energy harvester using the analytical model. Additionally, we can locate the minimum
total resistance that will saturate the magnetic material given a certain primary current
value. In Eqn. 4.14, since tsat cannot be larger than T/2, min(Rsat) is calculated by setting
tsat =

T

2 :

min(Rsat) = Rwire +RLoad =
!BsatAN

2

IP
(4.17)

The resistance that will yield the maximum average power output can also be obtained by
di↵erentiating Eqn. 4.16 and setting it equal to 0:

dPavg

dt
= 0 (4.18)

and

RLoad =
2!tsat � sin(2!tsat)

1� cos(2!tsat)
⇥

!BsatAN
2
sin(!tsat))

IP [1� cos(!tsat)]2
(4.19)

The results from the analytical modeling will are shown in Figs. 4.19 to 4.22 to compare
with both the ideal inductor simulation results and the experimental measurements.
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Figure 4.19: Power vs. resistance with primary current of 10 Amps

Figure 4.20: Power vs. resistance with primary current of 30 Amps
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Figure 4.21: Power vs. resistance with primary current of 50 Amps

Figure 4.22: Power vs. primary current
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4.4 Discussion

In Figs. 4.20 to 4.22, the accuracy of the simulation results is much improved by incorporat-
ing magnetic saturation in the circuit model. However, Fig. 4.19 shows that the saturation
modeling doesn’t match well with the ideal inductor model. It is because in the saturation
circuit model, the magnetic flux density, B, in flux guide is assumed to reach the saturated
value, Bsat, but in reality when the primary current is 10 Amps, the flux density is less than
Bsat, and the amount of output power is exaggerated. Here we need to di↵erentiate which
model to use by determining whether the energy harvester is saturated or not at a certain
primary current. From Fig. 4.10 we know that the time point when the saturation occurs,
tsat, is bounded by the half cycle, T

2 . Hence, when tsat calculated from Eqn. 4.14 is equal to
T

2 , which means there is no saturation, we should use the ideal inductor model, otherwise we
have to take saturation into account in the saturation model. This step enables us to choose
the correct model for a specific primary current with a given load resistance.

According to Moon et al., a slight amount of saturation can maximize the power out-
put, and heavy saturation will severely degrade the harvester’s performance, which actually
protects the circuit from taking too much power. When there is saturation in the energy
harvester, the modeling results have good prediction to approximate the experimental mea-
surements but there are still some significant errors between them, which will be addressed in
the next chapter. The theoretical method presented in this chapter is a good design guideline
that several parameters such as dimensions and number of turns can be easily manipulated
in the equations to calculate the power output. We can use it to quickly have some insights
into certain energy harvesters with given geometric dimensions and power requirements.
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Chapter 5

FEA Simulation of the Energy
Harvester

Chapter 3 demonstrates the experimental setup and output power measurements of the elec-
tromagnetic energy harvester. Chapter 4 documents the detailed theoretical analysis to simu-
late the harvester’s power output with varying load resistance and power line currents. This
chapter presents a method using Finite Element Analysis (FEA) tools to accurately cap-
ture the nonlinear behavior of the saturation in the magnetic materials. It will review the
Maxwell’s Equations and electromagnetic Finite Element Method (FEM), illustrate how the
model is set up and analyzed, and compare the FEA results with the experimental measure-
ments.

5.1 Justification of Applying FEA Method

The analytical model using a current transformer circuit discussed in the previous chapter is
capable of providing a good approximation on the energy harvester’s output power. However,
there is still significant discrepancy between the theoretical and experimental results when
there is saturation in the energy harvester. An assumption we made is that the saturation
instantly occurs at a certain time point, tsat, and Fig. 4.10 is used to derive the equation of
output power, but Fig. 4.7 is the actual behavior of the load current. The di↵erence comes
from the fact that the saturation already starts when the knee point is reached in the BH
curve, and it takes some time to completely saturate the magnetic material. An analogy
could be when a driver trying to hit the brake to stop a car, and the car will slow down first
rather than come to an instant halt. Fig. 5.1 illustrates how the simplified load current we
assumed in the analysis should be modified to approximate the true current behavior. In the
plot, the saturation comes in early and complete at tsat, and if the simplified behavior is used,
the amount of output power is exaggerated in the calculation as marked by the shaded region
in Fig. 5.1. Another advantage of using the finite element method is that it is not needed to
determine whether the energy harvester is saturated or not given a certain combination of
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Figure 5.1: True vs. simplified load current behaviors

the primary current and the load resistance, it analyzes the whole electromagnetic system
which takes care of both cases. Hence, a more accurate method is needed to capture the real
saturation impact on the load current.

The Finite Element Method can be dated back to the early 1950s in aerospace engineering
industries, and it is a numerical approach by which the partial di↵erential equations can
be solved approximately. Now it has become popular in solving mechanical, fluids, and
electromagnetic problems. The FEM subdivide the problem domain into finite elements,
develop equations for them, obtain the equations of the entire system from the individual
elements, and solve the equations[17]. The energy harvester presented in this thesis involves
complex shapes and solving both a magnetic system and an electrical circuit, which can be
handled using the FEM. COMSOL Multiphysics is a software package based on FEA and
it is especially good at dealing with coupled phenomena or multi physics problems [50]. It
also has the capability to test out various geometric and physical characteristics of a model,
which could benefit the optimization of the energy harvester, and it is used for analyzing the
behavior of the output power in this dissertation.
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5.2 Review of Maxwell’s Equations and Finite
Element Method

Maxwell’s equations are the very fundamentals of electromagnetic analysis, and the electro-
magnetic FEM is conducted based on them. Here we will briefly review the classic equations
derived by James Maxwell as well as how FEM is used in electromagnetic analysis.

Maxwell’s equations

The four equations put together by Maxwell have the following di↵erential forms:

r ·D = ⇢v (5.1)

r ·B = 0 (5.2)

r⇥ E = �@B

@t
(5.3)

r⇥H = J+
@D

@t
(5.4)

and the following integral forms:
I

s

D · dS =
Z

v

⇢vdv (5.5)

I

s

B · dS = 0 (5.6)

I

L

E · dl = � @

@t

Z

s

B · dS (5.7)

I

L

H · dl =
Z

s

(J+
@D

@t
) · dS (5.8)

where D is the electrical flux density, B is the magnetic flux density, E is the electrical field
intensity, H is the magnetic field intensity, ⇢v is the charge density, and J is the current
density.

The first two equations are from the Gauss’ Law, the third is the aforementioned Fara-
day’s Law from previous chapters, and the last one is the Ampere’s Law. In this dissertation,
we start from the Ampere’s Law, the magnetic field generated in a closed loop equals to the
current within the same loop. Since we are only dealing with a low frequency time-varying
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magnetic field, the displacement current density from @D/@t is not considered here. Hence,
the fourth equation reduced to

I

L

H · dl =
Z

s

J · dS = I (5.9)

where I is the current in the power line conductor. Then the magnetic field is translated in
to the magnetic flux density by the constitutive relation

B = µH (5.10)

which actually follows the BH curve of the magnetic materials. After obtaining the flux
density in the N-turn coil, the voltage (V ) induced in the coil turns is governed by the
Faraday’s Law, I

L

E · dl = V (5.11)

and

� @

@t

Z

s

B · dS = N
d�

dt
(5.12)

where � is flux obtained by integrating the flux density over the area enclosed by the coil,
and the voltage is

V = N
d�

dt
(5.13)

it can be further used to calculate the voltage on the load resistor.
Boundary equations are also needed to fully describe the electromagnetic problems at

the material interfaces and physical boundaries. They are listed as the following with an

being the unit vector normal to the boundary:

(E1 � E2)⇥ an = 0 (5.14)

(H1 �H2)⇥ an = K (5.15)

(D1 �D2) · an = ⇢s (5.16)

(B1 �B2) · an = 0 (5.17)

Finite element method

The finite element method starts with discretizing the solution region into a finite number
of elements, say if we are dealing with a two-dimensional problem, the region can be divided
into many triangular elements. The next step is to derive the Maxwell’s equations. They
consist of the governing equations and the boundary condition[17]. Then we need to derive
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the governing equation for each individual element. At last the equation for each element
can be assembled for the solution region, and this system of equations will be solved to
determine any quantities of interest such as magnetic flux density. More details of the steps
in FEM can be found in [50] and [17].

5.3 Finite Element Analysis of the Energy Harvester

COMSOL AC/DC module

The AC/DC module in COMSOL Multiphysics is used to conduct the finite element analysis
for the electromagnetic behavior of the energy harvester. The main interfaces in the module
that will be used are Magnetic Fields and Electrical Circuit. In Magnetic Fields, it can
compute the magnetic field generated by the current in the power line conductor, and the
induced current in the coil. It uses the Maxwell’s equations and boundary conditions listed in
the previous section. As for the constitutive relation of the magnetic material, a simplified
BH curve (Fig. 5.2) without a hysteresis loop is added to account for the saturation. A
simplified BH curve can reduce the computation work and still provide a good approximation.
In this interface, the coil feature is used to model the energy harvester. This feature can
easily model the structure of conductive materials and translate lumped quantities (currents
and voltages) into distributed quantities (magnetic fields) [24]. In this work, it can model
the power line conductor as well, since the conductor is like a ”single turn coil” carrying a
sinusoidal AC current.

From the previous chapter we know that both the power line current and the load resistor
can saturate the magnetic material. Simulating the current is as easy as simply changing the
numerical magnitude in the settings but modeling the resistance could be challenging and
time consuming in the FEA environment. Using the Electrical Circuit interface can solve this
problem. In COMSOL these two physics interfaces can be linked to interchange information
in separate calculations. When setting up the excitation of both the power line conductor
and the coil, current sources and coupled transformer elements are added in the Electrical
Circuit interface as well as the load resistance. Both the interfaces are run simultaneously so
that the impact from the load resistance is included in the FEA, and the coupling between
the power line conductor and the energy harvester is also integrated in the circuit simulation.

Model setup

A 2D model is set up for the FEA simulation, which capture the cross section of the conductor
and the energy harvester as shown in Fig. 5.3. The reason for using a 2D model is to
significantly reduce the computation time of the FEA simulation while still being able to
provide a good approximation of the harvester’s output power. In Fig. 5.3, the cross sections
of the coil are modeled by two rectangles, and they have opposite current directions at any
time instant. The block between them and the U-shaped strip represent the laminated



CHAPTER 5. FEA SIMULATION OF THE ENERGY HARVESTER 63

Figure 5.2: Simplified BH curve of the electrical steel

Power line conductor Aluminum
Coil Copper

Flux guide and core Electrical Steel
Coil bobbin Plastic

Boundary region Air

Table 5.1: Material assignment for each component in the FEA model

core and the flux guide, respectively. The circle is used to model the stranded power line
conductor carrying the AC sinusoidal current, and a boundary region (usually a circle or
rectangle) is set to include all the components.

We need to assign materials to each part as shown in Table. 5.1. As for the electrical
steel, a BH curve is needed for the nonlinear behavior of the saturation. A typical BH curve
used in FEA simulations for electrical steels is shown in Fig. 5.2. The model is meshed using
triangular elements as shown in Fig. 5.4, and a special attention is required when meshing
the flux guide. Since the flux guide is much thinner than other parts, its mesh size needs
to be reduced that there are at least two layers of triangular elements as highlighted with a
blue region shown in Fig. 5.5. Doing so is to ensure the magnetic behavior of the flux guide
is su�ciently captured.
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Figure 5.3: 2D FEA simulation model

Figure 5.4: Mesh of the 2D model
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Figure 5.5: Mesh of the flux guide

Before running the simulation, we need to set up the circuit model for the system as
well. The whole schematic is illustrated in Fig. 5.6, the primary current in the power line
conductor and the load resistance are the numerical inputs in the circuit model. The rest of
the parameters from Fig. 5.6 are the results from the FEA simulation (marked in blue). At
this point, the whole simulation model is complete and ready to run.

5.4 Simulation Results vs. Experimental
Measurements

The comparison among the FEA simulation results, circuit simulation results from Chapter
4, and the experimental measurements are shown in Fig. 5.7-5.10. The root-mean-square
error (RMSE), which captures the average model prediction errors, is calculated using Eqn.
5.18 and summarized in Table. 5.2 for each case.

RMSE =

vuut 1

n

nX

i=1

(Psimulation,i � Pexperiment,i)2 (5.18)

5.5 Discussion

In Figs. 5.7-5.10 the FEA simulation results in general match better with the experimen-
tal measurements for each case comparing to the circuit simulation results from Chapter 4.
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Figure 5.6: Schematic of the FEA and circuit co-simulation

Figure 5.7: Power vs. resistance with primary current at 10 A
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Figure 5.8: Power vs. resistance with primary current at 30 A

Figure 5.9: Power vs. resistance with primary current at 50 A
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Figure 5.10: Power vs. primary current

P vs. R (mW)
(IP = 10A)

P vs. R (mW)
(IP = 30A)

P vs. R (mW)
(IP = 50A)

P vs. I
(mW)

Ideal inductor
model

0.556 131.29 465.94 251.38

Saturation model 22.45 39.78 28.18 41.90
FEA 3.05 6.21 10.69 18.73

Table 5.2: Comparison of root-mean-square error for each case

Although the ideal inductor model has the best prediction for the power output when the
primary current is 10 A, incapable to model the saturation makes it unreliable when the
currents get higher. Since the nonlinear e↵ect from the BH curve is included in the FEA
simulation, it yields better approximation comparing to the circuit modeling with consider-
ation of saturation. The FEA model is actually an augmentation to the current transformer
circuit model since it takes care of the nonlinear saturation, and the circuit model is still
used to calculate the output power. The co-simulation has proven to be an e↵ective and
accurate method to analyze electromagnetic energy harvesters such as the one presented in
this dissertation.
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Chapter 6

Design and Optimization of the
Energy Harvester

So far we have demonstrated a working prototype of the electromagnetic energy harvester
as well as conducting an FEA and circuit co-simulation to characterize its electromagnetic
behavior to predict the power output. In this chapter, energy harvesters with di↵erent config-
urations are tested to show how the power can be optimized by changing certain parameters.
Furthermore, a parametric study is conducted using the FEA and circuit co-simulation model
to analyze the impact on the output power by varying the coil winding thickness with a given
exterior size of the energy harvester. An automated simulation tool and several design guide-
lines are also provided.

6.1 Testing of the Energy Harvesters with Di↵erent
Configurations

There are several parameters that can be modified on the energy harvester prototype to
increase the output power such as geometric dimensions (length and width), quantity of flux
guide, and magnetic materials. Here we will focus on the impact from varying dimensions
and number of flux guides.

Adding number of flux guides

Extra flux guide can be added to the energy harvester for more power output. Fig. 6.1
shows that the energy harvester can carry one, two, or three flux guides when coupling to
the power line conductor. The three configurations are tested to evaluate the change in
performance, and Fig. 6.2 compares the power output among them when the current in the
power line conductor ranges from 0 to 50 Amps. Here we can see that the output power
increases dramatically with even an extra flux guide, and the maximum power output can
reach 0.67 watt when there are three flux guides in total at 50 A in the power line conductor.
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Figure 6.1: Energy harvester with up to three flux guides

The increasing trend in the output power can also be found in the simulated results as shown
in Fig. 6.3. The amount of flux guides needed can be determined based on the actual power
requirement of the sensor applications.

Varying geometric dimensions

Two versions of energy harvesters with modified geometric dimensions are made as shown
in Figs. 6.4 and 6.5. Since the magnetic flux generated from the power line current are
concentrated near the conductor, it is desired to let the coil winding enclose more flux in
that region. Here we keep the same area of the laminated core, increase and decrease the
length and width of the energy harvester, respectively. The prototype is marked as version
1, the winding with intermediate length is version 2, and the one with the longest length
is version 3 (Fig. 6.4). Table. 6.1 lists the size of each version, and they share the same
thickness. The comparison of output powers can be found in Figs. 6.6 and 6.7, and we can
see that as the energy harvester gains more length and less width, it can couple with the
flux-concentrated region to produce a higher output power.

Another version of the energy harvester is also made as there is a growing demand for
making devices as small as possible. Fig. 6.8 reveals another geometrically modified version
of the energy harvester, which has a size of 1” ⇥ 1” with the same thickness. The goal
here is to evaluate the power output from this ”tiny” harvester and explore its capability.
The experimental measurements of its power output are shown in Figs. 6.9 to 6.12, and it
has a maximum output power of nearly 20 milliwatts. Even with only 10 Amperes in the
power line conductor, its maximum power is around 3 mW, and that’s enough to power some
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Figure 6.2: Measured power output of the energy harvester with up to three flux guides

Figure 6.3: Simulated power output of the energy harvester with up to three flux guides
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Figure 6.4: Three di↵erent configurations of the energy harvester

Figure 6.5: Energy harvester 1-3 with a flux guide

Coil Winding Length (in) Width (in)
1 3.5 2.7
2 4.6 2.1
3 6.4 1.6

Table 6.1: Geometric dimensions of the three coil windings
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Figure 6.6: Power vs. load resistance with 30 Amps in the power line conductor among the
three versions

Figure 6.7: Power vs. primary current among the three versions
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Figure 6.8: A ”mini” energy harvester

Figure 6.9: Power vs. load resistance with a primary current of 10 Amps

low-power sensor nodes.
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Figure 6.10: Power vs. load resistance with a primary current of 30 Amps

Figure 6.11: Power vs. load resistance with a primary current of 50 Amps
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Figure 6.12: Power vs. primary current

6.2 Parametric Study for Power Optimization

To maximize the output power from the electromagnetic energy harvester, we can vary
certain parameters to realize this goal. There are several geometric dimensions to manipulate
such as the length, width, thickness of the energy harvester. However, without a specific
design requirement on the geometric constraints there could be numerous combinations of
these parameters. Instead we propose an approach to optimize the output power for a specific
rectangular coil winding with a given length and width. We also assume the thickness of
the energy harvester is equal to the diameter of the power line conductor so that the flux
guide will not be bent to fit with the energy harvester. In this approach, the only geometric
parameter that will be varied is the coil winding thickness, t, as indicated in Fig. 6.13. It is
the stacking distance of all the winding layers and theoretically ranges from 0 to half of the
coil width. If we use the energy harvester prototype as an example, since the length, width,
and thickness are fixed, the winding thickness can be parameterized to obtain a maximum
power output. It may seem trivial that the winding thickness that generates the maximum
power would be as small as possible since in this way the coil winding can enclose most of the
flux-concentrated region near the conductor. Theoretically it is true but we need to consider
the change in the wire size as we decrease the winding thickness. Thiner wire is used as t

decreases, and the winding resistance will increase, which will result in more losses. If thicker
wire is picked as the winding thickness increases, the coil will not be able to couple with
the flux-concentrated region as desired. (See Fig. 6.14) Hence, there must exist a balance
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Figure 6.13: Coil winding thickness, t

between these two scenarios, and it can be done by conducting a parametric sweep on the
winding thickness, t.

This parametric study is not straightforward to show on a back-of-the-envelope calcula-
tion and will be conducted using the FEA and circuit co-simulation developed in Chapter
5, and the results are shown in Fig. 6.15. As we increase it from 2 to 12 mm (currently the
winding thickness is 10 mm in the prototype), the maximum output power is obtained when
t is around 4 mm. It is expected that if we can change the winding thickness in the energy
harvester prototype, we will gain another 20 milliwatts in the output power. This method
can be applied to any rectangular coil winding when determining the dimensions during the
harvester design.

6.3 Automated Parametric Model Setup

As illustrated in the preceding section, the parametric study requires design iterations to
determine the winding thickness that generates the maximum power. To manually set up
the model for this task in the FEA simulation can be very time consuming. Instead we can
develop a script to automatically set up the FEA model based on the design requirements.
The process of building the model starts from creating 2D geometric components, then
specific materials and physics conditions will be assigned to each component. At the end the
mesh is added, and we can run a time-dependent study in the simulation. This procedure
can be broken into repetitive steps for each individual component. Fig. 6.16 is an example of
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Figure 6.14: Wire packing in the coil winding

Components Size Location Magnetic Coil Material Mesh
Conductor - - 0 1 Aluminum -

Coil - - 0 1 Copper -
Core - - 1 0 Electrical Steel -

Flux guide - - 1 0 Electrical Steel -

Table 6.2: Component information

a for-loop code that can handle this work. The user first needs to have a table listed all the
information for each component including size, location, materials, physics condition, etc.
(See Table 6.2 as an example). This table works like a guideline that whenever the for-loop
code is executed, the script will load information from the table such as the component’s
size and location, check whether it is a coil or magnetic (1 for yes and 0 for no), and assign a
material to it. It repeats until all the components are built in the simulation, and the model
is finished. By doing so will save a great amount of time since we only need to modify the
script instead of manually changing the inputs in the simulation program.
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Figure 6.15: Power vs. coil winding thickness

6.4 Electromagnetic Energy Harvester Design
Guideline

A design guideline is provided here for developing electromagnetic energy harvesters coupled
to a power line conductor carrying AC current.

1. Design Requirements. Identify the geometric constraints of the energy harvester as
well as the output power and voltage requirements.

2. Coil Geometry.

a) The design should begin with making a rectangular coil winding with a thickness
equal to the diameter of the power line conductor. In this case, the flux guide (if
needed) will not be bent to fit with the coil winding as shown in this dissertation.

b) The length of the coil winding should be maximized within the geometric con-
straints.

c) The width can be maximized if the energy harvester is capable of providing the
desired power output without the flux guide. However, if a flux guide is needed
to meet the power requirements, the width should be reevaluated using the FEA
method (Chapters 5). Fig. 6.17 shows the heat map of the magnetic flux density
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Figure 6.16: For-loop code for automatic model setup
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Figure 6.17: Magnetic flux density (T) in the core and flux guide

over the energy harvester’s cross section in the FEA 2D model (Fig. 6.18). Since
most of the magnetic flux will concentrate near the conductor, it is not necessary
to have a large width if a flux guide is used.

d) The optimized coil winding thickness can be calculated using the parametric anal-
ysis shown in Section 6.3.

3. The Number of Turns, N. It can be determined based on the voltage requirement using
the analysis in Chapters 4 and 5.

4. Choice of Magnetic Materials. A good start point is using the electrical steel presented
in this dissertation, since it is inexpensive and easy to be machined. Other options are
permalloy and nano-crystallines, which are also widely used for transformer applica-
tions.

5. Design Iterations The analytical approach from Chapter 4 can be used as a quick
design check on the output power and voltage. If the requirements are not met, repeat
steps 1 to 4 until promising results are obtained. Although this method is not as
accurate as the FEA method, it takes much less time to provide a good approximation
for design iterations. The results can be further polished using the FEA method for
more accuracy.
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Figure 6.18: Cross section of the energy harvester coupled to the power line conductor
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Chapter 7

Conclusion and Future Work

In preceding chapters we have documented both the design, experiments, and analysis of
developing an electromagnetic energy harvester for sensors on overhead power distribution
lines. Here we will conclude the work done so far and discuss possible future improvements
of the energy harvesting device.

7.1 Conclusion

The electromagnetic energy harvester presented in this dissertation is an inexpensive and
durable power source for wireless sensor nodes. In summary, the major technical contribu-
tions of the harvesting device are listed in the following,

1. A piece of thin flux guide is used to boost up the energy harvester’s output power.
Comparing to using a toroid coil winding which encircles the power line conductor,
this configuration reduces a significant amount of volume while still being capable to
provide enough power for the sensor applications.

2. Since a non-encirclement configuration is applied in the harvester design, the installa-
tion is easy to be handled by a line operator.

3. An FEA and circuit co-simulation model is developed to capture the electromagnetic
behavior of the energy harvester. The simulation results are verified by experimental
measurements.

4. Several di↵erent configurations of the electromagnetic energy harvester are investigate
to explore the impact on the power output due to geometric parameters.

5. Parametric analysis is conducted using the FEA and circuit co-simulation model to
optimize the output power in the energy harvester design.

6. The electromagnetic energy harvester is able to power a gas sensor circuit board using
a power management circuit while coupling to a power line conductor.
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7.2 Discussion of Future Work

Several research topics are still remained to be explored regarding the electromagnetic energy
harvester, and they should inspire some interesting work in the future:

1. An alternative analytical method using a magnetic equivalent circuit (MEC) may be
possible to model the energy harvester. When calculating the reluctance due to the
flux guide and core, the permeability, µ, will be a function depending on the magnetic
field, H, generated by the AC current. This method may take less time to analyze
than using the FEA model.

2. Di↵erent magnetic materials can be tested for the energy harvester such as the nano-
crystalline [63]. This material has a much higher permeability than electrical steel and
very low core losses.

3. A resonating capacitor can be added to the coil winding to reduce the reactive power
due to the inductance of the coil.

4. A circuit analysis could be carried out to model both the energy harvester and the
power management circuit to evaluate the actual DC output power available to the
sensor applications.

5. The energy harvester should be tested on an actual overhead power distribution line
to evaluate its performance on powering the wireless sensor nodes. The size of the
conductor can also be varied to evaluate its impact on the output power.

6. The energy harvester can be tested to power multiple sensors, this will help evaluate
its powering capability as well as improve the harvester design.
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