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Abstract

Real-time data of power infrastructures collected by wireless sensors are the
foundation of many smart grid applications. However, the finite life span of the
batteries which power the wireless sensor becomes a bottleneck problem as it is
expensive to periodically replace these batteries. Energy harvesting can be an
effective solution for autonomous, self-powered wireless sensors. In the vicinity of
high voltage/current equipment, a strong magnetic field is generated, which could be
a consistent energy source. The purpose of this thesis is to present a comprehensive
study into a magnetic field energy harvesting system which mainly consists of coil
and rectifying circuit with the ultimate goal to obtain the maximum energy as
efficiently as possible for a given condition. The main contribution of this thesis is in

two research areas:

The first area is about the design of an energy harvesting coil. The ferromagnetic
core is the most important part to determine the output power from the whole energy
harvesting system. Thus, the precise knowledge of ferromagnetism is critical. As the
harvesting coil may not fully enclosure the current conductor, the demagnetization
factor which is closely related to the core geometry is carefully studied and
minimized. Two new core shapes have been proposed and optimized to have much

lower demagnetization factors (hence more power) than that of a conventional rod.

1. A bow-tie-shaped core is introduced and designed to have two large end
surfaces. By making its two ends broader, more magnetic flux can be guided
from the air into the ferromagnetic core. This intensifies the magnetization at

the middle of the core where the wire is wound on.

2. Anew helical core is introduced as a further improved version of the bow-tie
core. It utilizes two big circular plates fitted at the both ends for the flux
collection. In the middle, a helical-shaped core is introduced to increase the
path of the magnetic flux. Therefore, the separation between the north pole
and south pole is lengthened dramatically, which leads to a reduction in the

demagnetization factor and an increase in the magnetic flux density.

In addition to the core shape, the selection of the core material is studied and found
Page |xi



that high permeability ferrite is the most suitable core material due to its high relative
permeability and ultra-low conductivity. Thus, the eddy current losses in the
ferromagnetic core can be significantly reduced. Experimental results show that the
proposed helical coil with only 400 turns of wire can have a power density of 2.1
pW/em® when placed in a magnetic flux density of 7 Lilyms. This value is 17 times
greater than a previously reported design with 40,000 turns of wire (0.12 pW/cm®)
placed in the same magnetic field. If a longer helical coil with 8,000 turns of wire is
placed in a magnetic flux density of 11 piTms, the produced power density is around

131.4 pwW/cm?® which is comparable to a solar panel working during a cloudy day.

The second area is about the rectifying circuit design which utilizes the energy
harvested from the coil to power a commercial wireless sensor. A voltage doubler is
applied to provide full-wave rectification and simultaneously boost the output
voltage. A transient analysis is carried out to calculate the input resistance of a
charging capacitor as a function of time. The theoretical analysis indicates that the
input resistance is highly related to the input and output voltages. Therefore, a
conventional matching network which consists of linear components cannot work
well. A switch mode power converter is introduced as a matching network so that the
charging capacitor can be isolated from the harvesting coil. The emulated input
resistance looking into the power converter is a constant and determined by the
frequency and the duty cycle of the power width modulation applied on the switch.
The system is designed and made. The experimental results demonstrate that the
energy conversion efficiency from the harvesting coil to the storage capacitor is
around 74.6% which is twice as large as a previously reported design. Finally, an
energy management unit is developed and it effectively utilizes the energy stored in

the capacitor to power a commercial wireless sensor.

It is shown in this thesis that a highly efficient magnetic field energy harvesting
system has been successfully demonstrated. A wireless sensor can be properly
powered up by using a small coil (15 cm long) placed in a small magnetic flux
density (7 T ms). The proposed solution is a very efficient and attractive method for

harvesting the magnetic field energy for a wide range of smart grid applications.
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Chapter 1: Introduction

Chapter 1. Introduction

1.1 Background

1.1.1 Energy Harvesting Definition

)

Solar ——>
Wind —> B
Energy Electricity | \yireless
Thermal ———{ prvester ?l Device
Vibration ———>
RF —>
—___ —

Fig. 1.1 An energy harvester powered wireless sensor

Energy Harvesting (EH), also known as energy scavenging, is a process in which energy is
captured from the ambient environment (such as solar, wind, vibration, thermal,
electromagnetic wave, etc.) and then converted into useable electric energy as shown in Fig.
1.1. Energy harvesters could be utilized to replace batteries for electronic devices with low

power consumption. The advantages of EH are listed as follows [1-3]:

1. Maintenance free: If a wireless device can be totally self-powered, there is no
need to replace the battery periodically. Therefore, the wireless sensor can be
deployed at hard-to-reach places such as remote rural areas and inside the human
body.

2. Environmentally friendly: Batteries usually contain chemicals and metals that
are harmful to the environment and human health. By applying EH technologies,

massive wireless sensors can be battery-free which is friendly to the environment.
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Chapter 1: Introduction

A typical block diagram of an energy harvesting system is shown in Fig.1.2. It normally
consists of an energy harvester, a rectifier (if necessary), an energy storage unit (e.g.
rechargeable batteries and super-capacitors) and an energy management system (also known

as battery management system).

Boost Converters and

| Battery Management b Power

. .

Solar EH

- — 3
Vibration EH [ J ) | A Connectivity
= Timer mcu | > 4
Energy Storage T Wi
reless —

Thermal EH : (L-lon Battery/

Supercapacitor/
et 7'y
Thin Film Battery)
RF Harvesting )

Integrated Sensors
Energy Harvester

Light
Sensor LEGEND  mm Logic
B Processor [0 Power
Temp @ Interface EMADC/DAC
Sensor RFE/IF Clocks
> Amplifier @l Other

Fig. 1.2 A typical energy harvesting system [4].

1.1.2 Smart Grid & Wireless Sensors

Due to global urbanization and the rapid development of mega cities, it is expected that the
demand for electric energy will continue to increase in the following decades [5]. It is also a
big challenge to deliver this huge energy from power plants to end customers, as some
existing overhead power lines may reach to their thermal limitations [6]. Furthermore, the
increasing load on high voltage equipment could accelerate the deterioration of the insulation
[7]. Especially for old equipment, it is more likely to breakdown due the aging effect and the
heavy load. To deal with these problems and pressures, three key smart grid functions are

being developed [8]:

Delivery Optimization could improve the transmission capacity of the power delivery
system. The thermal limitation of overhead lines can be increased by applying the Dynamic
Thermal Rating (DTR) technique [6, 9-12]. Based on the real-time data from local weather

stations as shown in Fig. 1.3 (such as wind speed, air temperature, humidity, solar radiation,
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Chapter 1: Introduction

etc.), cooling effects on overhead lines can be estimated to dynamically adjust thermal
limitations. It is estimated that the transmission capacity of overhead lines could be increased

by 5% to 15% if a proper DTR technique can be applied [12].

)
)
"

Weather Station

Fig. 1.3 Weather stations placed under overhead power lines [13]

Demand Optimization focuses on solutions to reduce peak demand and achieve energy
savings. Conservation Voltage Reduction (CVR) is a typical demand response technology
[14-15]. By lowing voltages on the power distribution system in a controlled manner, CVR
can reduce the peak demand and achieve energy savings while keeps the lowest utilization
voltage consistent with levels determined by regulatory agencies and standards-setting
organizations [16]. The communications between substations for control and monitoring the
voltage of transformers and load profiles play a critical role in CVR [14]. The smart meters

shown in Fig. 1.4 are used to measure these real-time data.

Smart Meter

Fig. 1.4 Smart meters installed inside substations to measure the power profile [17-18]
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Chapter 1: Introduction

Asset Optimization is the application of monitoring and diagnostic technologies to reduce
the maintenance costs of old electrical infrastructures, detect the potential problems in the
early stage and extend their lifetime [10, 19-20]. This can be achieved by deploying condition
monitoring sensors (such as partial discharge sensors and infrared detectors shown in Fig 1.5)

to generators, transformers, switch gears, power cables, etc.

Fig. 1.5 Condition monitoring sensors in substations. (a). Partial discharge sensor. (b) Infrared detector
[21-22]

It is important to note that all the technologies discussed above are only feasible if reliable
real-time data from power infrastructures can be continuously collected and processed.
Wireless sensors are considered as favorable tools for collecting these data because of their
low power consumptions, rapid deployments and low costs [23]. However, the finite life
span of the batteries which power the wireless sensor becomes a bottleneck as it is
expensive to periodically replace these batteries especially when sensors are deployed in
the remote area. Thus, the energy harvesting technology is an attractive and promising

solution to make wireless sensors self-sustainable.
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Chapter 1: Introduction

1.2 A Review of Energy Harvesting in Smart Grid

1.2.1 Energy Sources in Power Distribution Systems

Table 1.1 The comparison of different energy harvesting techniques near power infrastructures

Energy sources Advantages Disadvantages

] o 1. Power not stable
High power density in a good )
Solar energy N 2. Need storage unit
weather condition
3. Outdoor only

) o 1. Power not stable
. High power density in a good ] ]
Wind energy . 2. High maintenance cost

weather condition
3. Outdoor only

] Low energy conversion
L Energy available when close o
Electric field i ] efficiency due to the huge
to high voltage equipment

reactance
L Energy available near a Energy losses inside the
Magnetic field _
current conductor ferromagnetic core

As shown in Table 1.1, there are several ambient energy sources (solar, wind, electrical field,
magnetic field, etc.) available in electrical substations or under electricity pylons. Solar
panels are a good option to collect energy during daytime in good weather conditions [24-25].
However, a solar energy device heavily relies on weather conditions and may require
additional high-capacity energy storage units which are normally expensive in order to work
at night [26-27]. Similar situations apply to the small wind turbine. Furthermore, harsh
weather conditions like hail and storms could damage the turbine blades and solar panels [26,
28]. In the vicinity of high voltage equipment (such as transformers, power cables, switch
gears, etc.), strong electromagnetic fields are generated. According to the data from the UK
National Grid [29], the averaged electrical field and magnetic field inside a typical substation
are around 10 kV/m and 32 A/m respectively. Therefore, the electric and magnetic field could
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Chapter 1: Introduction

be consistent and reliable energy sources for wireless sensors deployed near the high voltage

equipment.

The electric field is caused by the voltage of high power equipment (electric charges).
Therefore, the electric field energy around the power equipment is stable regardless of the
load demand. Even when there is no current inside the equipment, the electric field energy
harvester can still work properly. The electric field energy can be harvested by two parallel
plates acting as a coupling capacitor. The load is connected to this capacitor in parallel. Fig.
1.6 shows the equivalent circuit of an electric field energy harvester attached to an overhead
line [30].

Energy Harvesting
Tube

— r High voltage conductor

Transmission
) ) Conductor
Upper Plate Directly " C L
. . \ Ccf —
Connected to the Conductor \ \
L - n
Td Imped(.lncc.
i ! of the circuit
Equivalent Capacitor between —
Lower Plate and Ground -1 C,.,
H g
v Ground
(a) = (b)

Fig. 1.6 (a) the work principle of an electric field energy harvester attached to an overhead power line; (b)
the equivalent circuit [30]

There are several published papers about an electric field energy harvester attached to the
high voltage power cable [30 - 36]. For different testing conditions, the power harvested
varies significantly. In Table 1.2, only the work verified by experiment has been listed and
compared. From [31, 32], when an electric field energy harvester is fully enclosure on a
conductor with a very high voltage (> 100 kV), more than 200 mW can be harvested which
may be sufficient for the continuous operation of a measurement system with a GSM module
[32]. However, when the voltage of the conductor is in the power distribution-level (< 33 kV),
the power collected is significantly reduced to several milliwatts or even smaller as the
harvested power is proportional to the voltage squared [31, 33]. Besides, as indicated in Table
1.2, the size of a cylindrical capacitor is relatively big (> 35 x 10° cm®). In [34, 35], a free-

standing capacitor was designed with two parallel plates which could be directly attached to a
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Chapter 1: Introduction

power cable or placed inside an electrical substation. Nevertheless, the power harvested is
quite small for a free-standing capacitor especially when it is placed several meters away
from the high voltage device [35]. For all the electric field energy harvesters, the power is
limited due to the huge reactance of the coupling capacitor [34, 35]. The capacitance of a
typical electric field energy harvester is in the magnitude of pF. As the power frequency is
extremely low (50/60 Hz), the resonant inductance required is in the order of MH which is
very difficult to obtain in practice. Therefore, the energy conversion efficiency of the electric

field energy harvesting system is relatively low due to the unmatched load.

1
L, = 1.1

where L, is the resonant inductance in H, w is the angular frequency in rad/s and Cgy is the

capacitance of the electric field energy harvester in F.

As a consequence, the electric field energy harvester is only applicable when it is directly

attached or clamped on a conductor with a very high voltage (> 100 kV).

Table 1.2 The summary of electric field energy harvesters

Ref. The Figure of Energy Size and Testing Power
Harvester Structure Conditions Collected
Harvester Tube
S Gonater | A cylindrical capacitor with A). 50 kV cable A). 45 mW
[31] Overvaltzge a diameter of 30 cmand a B). 100 kV cable B). 200 mwW
length of 55 cm C). 150 kV cable C). 370 mW
32] A cylindrical capacitor with | 153 kV power cable | Power a GSM
an unknown size in laboratory unit (>350 mw)
A cylindrical tube with a
[33] length of 30 cm and a 10 kV power line 663 W
diameter of 40 cm
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Chapter 1: Introduction

Two parallel plates with a Attached to:
[34] dimension of 15 cm x 15 cm A). 20 kV cable A). 7 mW
and a separation of 2.4 cm B). 35 kV cable B). 17 mwW
Inside a 400 kV
Two parallel plates with a substation where
[35] s s o 176 W
volume of 3.14 x 10° cm the electric field is
5.8 VIm
|I===-=-==-" " === -I [m==========
Magnetic | R-coil ! : Matched
fl I
wxe Lcoil | R-wire R-core : | |c| Load
I .
— AW

Toroid with
ferrite core

(a) ’* (b)

Fig. 1.7 (a) a cable-clamped magnetic field energy harvester mounted on a power ling, (b) the equivalent

circuit of a magnetic field energy harvester

The magnetic field is generated from the current inside power equipment. Fig. 1.7 shows a
magnetic field energy harvester clamped on a power cable and its equivalent circuit.
According to Faraday’s Law, when a coil is placed inside a time varying magnetic field, the

voltage can be induced and calculated by:

d Beore
dt

where V,,;; is the open circuit voltage of the coil, N is the number of turns wound on the caoil,

Veoir = NA (1-2)

B_.,re IS the magnetic flux density inside the coil in T, A represents the effective cross section
of the coil in m% By using a ferromagnetic core, the magnetic flux density B,,,. can be

increased as indicated in Equation (1.3).
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Chapter 1: Introduction

Beore = HeprtoHex (1.3)
where H,, is the magnetic field generated by the current in power equipment in A/m, u, is
the permeability of the free space and the pu.sf is the effective permeability related to the
core material and core geometry. For a typical toroid with a high puferrite core, the effective
permeability u.rr can be as large as 18,000 [37]. As a result, compared to the electric field
energy harvesting, the magnetic field energy harvesting could be much more efficient when
the field strength is relatively small. There are two types of magnetic field energy harvesters
with different setups: the cable-clamped energy harvester and the free-standing energy

harvester.

1.2.2 Cable-clamped Magnetic Field Energy Harvesting

The cable-clamped magnetic field energy harvester is usually mounted on a power cable or
an overhead power line as shown in Fig. 1.8 to power the sensors which measure the line

current, the cable temperature, the overhead line sage, etc.

Harvesting

Transmitting

Sensing

Fig. 1.8 A cable-clamped energy harvester mounted on an overhead line to measure the line sag [31]

As the harvesting coil can fully enclose the current conductor, the magnetic flux travels in the
same medium. Thus, the effective permeability p.¢¢ in Equation (1.3) is equal to the relative
permeability u, of the core material. Therefore, the magnetic flux density B, in the core
can be significantly increased by using a high w,- material, which leads to large output power.

In Table 1.3, some typical ferromagnetic materials are concluded in terms of the relative
Page |9



Chapter 1: Introduction

permeability u,, resistivity R and the saturation magnetic flux density Bg,;. For the core
material with extremely high permeability( x4, = 10,000), the flux density inside the core
can easily become saturated when there is a small magnetic field applied. Thus, the output
power of the cable-clamped energy harvester is normally limited by the core saturation.
Besides, due to the nonlinear problem caused by the saturation in the ferromagnetic material,
the whole system becomes much more complicated to determine the coil voltage, coil

inductance, core losses, etc.

Table 1.3 Typical ferromagnetic materials

Ref Material Uy R (p€2cm) Bsar (T) Manufactory
[38] Metglas 2714A 1,000,000 142 0.57 Metglas
[39] Nanocrystalline 80,000 130 1.25 Wiltan
[40] Permally 80 75,000 58 0.75 ESPI

[41] Mu-metal 1J85 60,000 55 1.55 MingShang
[42] Ferrite R15K 15,000 5x10° 0.36 DMEGC
[43] Ferrite 3E5 10,000 5x10’ 0.38 Ferroxcube

In [44], an investigation was conducted to identify which core material was the most suitable
for a cable-clamped energy harvester. As depicted in Fig. 1.10, they selected three toroid coils
with different materials (ferrite, iron powder and nanocrystalline alloy) to clamp on the same
current conductor. From the experimental results, they concluded the nanocrystalline alloy
was the best material due to its high permeability and high saturation flux density. They used
a cylindrical core with the outer diameter OD of 33.5 mm, inner diameter ID of 27.5 mm and
the height H of 4 mm. 9 mW can be collected when it is mounted on a 5 A conductor which
gives a power density of 7.8 pW/cm®. However, all of their results are based on the
experiment and no theoretical analysis has been conducted to discuss the saturation problem

in the ferromagnetic core.
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Chapter 1: Introduction

Iron powder

Fig. 1.10 Three toroid coils with different core materials

Roscoe et al [45] used cylindrical ferrite cores (OD = 22 mm, ID = 17 mm, H = 6 mm) to
clamp on a conductor which carries a current of 50 A at 50 Hz. 170 mW can be collected
which gives a power density of 92.4 pW/cm?®. They selected the ferrite material with low
relative permeability ( u,, = 2000) to avoid the magnetic flux saturation. However, as shown

in Fig. 1.11, when the current becomes bigger, the ferrite core still comes saturated and leads

to significant energy losses.

200 =
—&— 2 coresmeasured /
__ 130 s : 71
—_— core measured
= 160 /
£ 3 coresmeasured 7
- 140 7 :
8 ja5 - =3 = 1 cgre calculated / /
2 - == = 2 cores calculated “/
S 100
i 3 cores calculated
s 80
=
5 60
O 40
20
0 -r=na
0 10 20 30 40
Conductor current (Ar.m.s.)

Fig. 1.11 The output power as a function of the conductor current [45]

Moon et al [46-49] used a time-varying inductor to model the saturation of the flux density in
a ferromagnetic core. Therefore, the whole system became a purely circuit-based problem.

For a typical inductor, its value is defined by:

do
Leore = NE (1-4)
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where L., IS the coil inductance, N is the number of turns, ¢ is the magnetic flux in the core
and | is the current passing through the inductor. For a 60 Hz AC current, the waveform of a
time-varying inductance in one clock cycle is shown in Fig. 1.12 [46].

104 f
0 \ (

\ Effective ‘f
/| Inductance [H] | \ |

1/120 1/60
time[s]

Fig. 1.12 A time-varying inductance [46]

When the current | is small, the magnetic field generated is small and the ferromagnetic core
is far away from the saturation. In this case, the magnetic flux ¢ is linearly proportional to the
current and the coil has a high value of inductance. When the current becomes bigger, the
magnetic field increases correspondingly and the ferromagnetic core becomes saturated. In
this situation, the magnetic flux keeps unchanged in regardless of the current and the effective
coil inductance approaches to zero. Based on this circuit model, they developed an analytical
expression to calculate the output power from the harvesting coil with a saturated core. From
their experimental results, a toroid with a nanocrystalline core (OD = 24.5 mm, ID = 16.5
mm, H = 9 mm) was mounted on a conductor with a current of 11.89 A. 78.6 mW was

harvested which gave a power density of 33.9 LW/cm?,

Fig. 1.13 A toroid core clamped on a current conductor [46]
Page |12



Chapter 1: Introduction

To prevent the ferromagnetic core from the saturation, an air gap can be introduced to the
toroid core as shown in Fig. 1.14. The magnetic flux travels through two different mediums
and boundary conditions need to be applied. As a result, the flux density in the core may be
dramatically reduced compared to an unbroken toroid core, which prevents the core from the

saturation.

Fig. 1.14 A toroid core with an air gap [50]

In [50], a cylindrical core (OD = 16.3 mm, ID = 14.4 mm, H = 50 mm) with an air gap is
designed to clamp on a current conductor. Mu-metal is selected as the core material due to its
high permeability. The air gap prevented the ferromagnetic core from the saturation so that
the magnetic flux density in the core is linearly proportional to the current in the conductor.
According to the experimental results, 14.36 mW was collected when the current was around

13.5 A, which produced a power density of 6.37 pW/cm®.

terminals

Primary conductor

Core gap

Fig. 1.15 A cylindrical core with an air gap mounted on a conductor [50]
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In summary, although the output power from the cable-clamped magnetic field energy
harvester is limited by the saturation in the ferromagnetic core, it still has several advantages

compared to the electric field energy harvester.

1. The size of a toroid core is much smaller compared to a typical electric field energy

harvester as illustrated in Table 1.2.

2. The typical inductance of a toroid coil is in the order of H or mH. At 50/60 Hz, its
resonant capacitance is in the magnitude of nF or mF which is widely available on the
market. Thus, a properly matching circuit can be designed to convert the magnetic
field energy into a useable electrical energy efficiently. This is impractical for an

electric field energy harvester due to its small capacitance.

3. By using a ferromagnetic core, the magnetic flux passing through the coil can be
significantly increased. Therefore, the cable-clamped magnetic field energy harvester
is able to collect plenty of energy (= 100 mW) even when the current is only around
10 to 20 A [45-50]. As a consequence, this system can be applied to the high voltage
power transmission system (= 33 kV) as well as the domestic power system (230/110
V)

1.2.3 Free-standing Magnetic Field Energy Harvesting

A cable-clamped magnetic field energy harvester is able to collect magnetic field energy
efficiently. However, it has some limitations and inconvenience as it has to clamp on a

current conductor.

1. For a high voltage power system, the power cable needs to be de-energized to allow

the proper installation and maintenance.

2. When a cable-clamped energy harvester along with a sensor is mounted on an
overhead power line, the weight of the system will increase the line sag and cause

safety issues.

3. ltis difficult to install a cable-clamped device on a big power transformer.
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Ferromagnetic

core

~ -
Winding numbers N

Fig. 1.16 A typical free-standing magnetic field energy harvester

A typical free-standing energy harvester shown in Fig. 1.16 can overcome these short
comings. Unlike the cable-clamped one, this energy harvester can be installed in any places
as long as there is an alternating magnetic field. Due to the great flexibility, the harvesting
coil is capable of powering various sensors for different purposes. For example, partial
discharge sensors can be powered to monitor the conditions of transformers in electrical
substations. Thus, the potential problems can be detected in the early stage. Weather stations
under overhead lines can be powered to collect the real-time weather data which are critical
to dynamic thermal rating techniques.

The basic working principle of a free-standing energy harvester is similar to a cable-clamped
one. As depicted in Fig. 1.16, when a coil is subjected into a time-varying magnetic field,

voltage can be induced.

Veoir = NwApeppltoHey (1.5)
where V,,;; is the induced coil voltage, N is the number of turns wound on the coil, w is the
angular frequency in rad/s, A represents the effective cross section of the coil in m?, Hesr 1S
the effective permeability related to the core material and core geometry, H,, is the magnetic

field in A/m generated by the current conductor.

The main difference is a free-standing coil cannot fully enclose the current conductor. When a
ferromagnetic rod with a finite length is magnetized, the demagnetization phenomenon
appears and the magnetic flux density in the core is dramatically reduced. In other words, if a

rod and a toroid core with the same material are placed in the same magnetic field H,, shown
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in Fig. 1.17, the flux density B,,; in the rod is much smaller than that of the toroid
core Byr0iq- More theoretical analysis regarding to the demagnetization will be discussed in
Chapter 2. The power output from a free-standing coil is greatly limited compared to a cable-
clamped energy harvester. As a consequence, the free-standing magnetic field energy

harvester has to be finely optimized to maximize the output power.

H ex H ex
— rod ——
DI <€ «——

Btoroid

Fig. 1.17 Arod and a toroid core placed in the same magnetic field H,,

In 2011, Tashiro et al used Brooks coils to harvest the magnetic energy from the power line
as shown in Fig 1.18 [51]. From their experimental results, 6.32 mW could be collected by
using an air-core coil with 18,395 turns placed in a magnetic flux density of 21.2 il s at 60
Hz. This gives a power density of 1.47 pW/cm?®. It is concluded that by applying the
ferromagnetic core, the output power from the coil is not significantly increased. This is not
true as they have not carried out an in-depth research into the magnetization of the
ferromagnetic material. The core shape should be optimized to increase the effective
permeability and the suitable material needs to be identified to reduce the core losses. As a

consequence, the output power density of this design is quite small.
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Coil 4 (c=70 mm, n=2104)| [Coil 2 (¢=70 mm, n=18395)

Resonant
capacitor
and load

n : Number
of windings

o : Diameter
of the
windings
(0.5 mm)

|Coil 1 (¢=50 mm, n=8500)| |Coil 3 (¢=50 mm, n=1080) |

Fig. 1.18. The testing coils in [51]

In 2012, Roscoe et al developed a free-standing energy harvesting system to collect the
magnetic field energy in an electrical substation [52-53]. Besides, a voltage doubler and an
energy management unit were designed to convert the alternating magnetic field energy into
the DC electrical energy. Finally, a small wireless sensor shown in Fig. 1.19 could be

powered up in every 4 minutes to transmit the temperature reading to the receiver [54].

& de-dc converter
Detectlon of 2 .

ac-de converter /
and storage T - o
capacitor

Fig. 1.19 The magnetic field energy harvesting system in [52]

In [52], it was suggested that a coil with a long and thin ferromagnetic core could increase the

effective permeability and produce a higher power output. Therefore, a solenoid with a length
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of 50 cm and a diameter of 5 cm has been designed. 833 W could be collected by placing
the long solenoid with 40,000 turns in a magnetic flux density of 18 T s at 50 Hz. This gave
a power density of 0.845 pW/cm®. The performance of their design is not significantly better
than the results demonstrated in [51]. The main reason is that the cast iron is selected as the
core material which suffered greatly from the eddy current losses. Therefore, a suitable
ferromagnetic material should be identified by compromising the high permeability and low
core losses. Besides, the core shape may be further optimized as the long rod occupies too

much space because of its length.

On the circuit side, a voltage doubler is proposed to convert the AC power to a DC one and
simultaneously boosting the output voltage. However, they have not designed a proper
matching circuit to convert the energy from the coil into the load efficiently. Instead, only a
compensating capacitor was added to eliminate the coil inductance. However, an extra
matching network should be developed to match the input resistance to the coil resistance so
that maximum energy can be transferred from the coil to the load. As a result, a more
advanced circuit design is required.

In conclusion, the free-standing magnetic field energy harvester has its own advantages

compared to the cable-clamped one:

1. The free-standing energy harvester can work in any places as long as there is an
alternating magnetic field. Hence, it can be used to power various sensors, which is

impractical for a cable-clamped one.

2. Itis more convenient and safe to install and maintain a free-standing energy harvester

as it is not directly attached to a high voltage equipment.

However, as the free-standing coil cannot fully enclosure the current conductor, the
demagnetization phenomenon appears during the magnetization process, which leads to a
reduction of the output power. According to the literature, only two groups have conducted
the relevant research in this area and provided some experimental results. Nevertheless, both
of their designs have some key limitations and the produced power density is relatively small.
Therefore, a comprehensive study on the free-standing magnetic field energy harvesting

system is required to optimize the output power in terms of the core shape, core material and

Page |18



Chapter 1: Introduction

the relevant circuit design.

Page |19



Chapter 1: Introduction

1.3 Motivation of the Work

In recent years, a lot of ideas and applications related to the smart grid have been proposed,
tested and implemented. Real-time data collected by wireless sensors are critical for all smart
grid applications. However, the finite life span of the batteries which power the sensing
system becomes a bottleneck as it is expensive to periodically replace these batteries. Thus,
the energy harvesting technology is an attractive and promising solution to make the
monitoring system self-sustainable. There are several ambient energy sources (solar, wind,
electromagnetic, etc.) in electrical substations or under electricity pylons. Solar panels are a
good option to collect energy during daytime in good weather conditions [24-25]. This
technology is relatively mature and many products are already available on the market.
However, a solar energy device heavily relies on weather conditions and may require
additional high-capacity energy storage units which are normally expensive in order to work
at night [26-27]. Similar situations apply to the small wind turbine. Furthermore, harsh
weather conditions like hail and storms could damage the turbine blades and solar panels [26,
28].

In the vicinity of high voltage equipment, a strong electromagnetic field is generated, which
could be a consistent energy source for wireless sensors. The electric field energy is always
available as long as the high voltage equipment is turned on. However, it is very difficult to
design a good matching circuit as the reactance of the electric field energy harvester
(coupling capacitor) is extremely high. Therefore, the output power is greatly limited due to
the low energy conversion efficiency. As summarized in Table 1.2, the electric field energy
harvester is only applicable when it is directly attached or clamped on a conductor with a
very high voltage (> 100 kV).

The magnetic field strength is directly related to the current in the power equipment. An
inductive coil can be applied to harvest the magnetic field energy. By using the ferromagnetic
material, the magnetic flux passing through the coil can be increased significantly. Besides, it
is much easier to find a resonant capacitor to compensate the high reactance of the inductive
coil at 50/60 Hz. As a result, the magnetic field energy harvester is able to collect much more
energy compare to the electric field energy harvester especially when the field strength is

relatively small.
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There are two types of magnetic field energy harvesters working for different purposes. The
first one is the cable-clamped energy harvester shown in Fig. 1.8. It is mainly used to power
the sensors which measure the line current and the cable temperature. As the ferromagnetic
core can fully enclose the current conductor, the magnetic flux travels in the same medium so
that the output power from the coil is relatively big. There are several published results [45-
50] focused on cable-clamped energy harvesters which are mounted on power cables or
overhead lines. Their designs are summarized in Table 1.4 in terms of the physical size,
testing conditions and the output power. It is noted that the size of these cable-clamped
energy harvesters are much smaller than the typical electric field energy harvesters illustrated
in Table 1.2. According to their experimental results or predications, more than 100 mW can

be collected when their coils are clamped on the conductors carrying a current of 50 A.

Table 1.4 Summary of the cable-clamped magnetic field energy harvester

Ref. The Figure of Energy Size and Testing Power (P) and
Harvester Structure Conditions Power density (S)
Iron powder . A A
A cylindrical core with outer
. | =5A P=9mw,
[44] D of 33.5 mm, inner D of 27.5 3
at 60 Hz S=7.8 pWicm
mm and H of 4 mm
Two identical cores with outer
) 1=50 A P =170 mWw;
[45] D of 22 mm, inner D of 17 3
at 50 Hz S$=92.4 pWicm
mm and H of 6 mm
A cylindrical core with outer
) 1=11.89 A P =78.6 mW,
[46-49] D of 24.5 mm, inner D of 16.5 5
at 60 Hz S =33.9 pW/cm
mm and H of 9 mm
A cylindrical core with outer
. I=135A P =14.36 mW;
[50] D of 16.3 mm, inner D of 14.4 5
at 60 Hz S =6.37 pW/cm
mm and H of 50 mm
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The second one is the free-standing energy harvester as shown in Fig. 1.16. Unlike the cable-
clamped one, this energy harvester can be installed in almost any place as long as there is an
alternating magnetic field. Due to the great flexibility, this kind of energy harvester is capable
of powering various sensors for different purposes. For example, partial discharge sensors
can be powered to monitor the conditions of transformers in electrical substations. Weather
stations under overhead lines can be powered to collect the real-time weather data. These
applications are impractical for a conventional cable-clamped energy harvester. Since the
free-standing coil cannot fully enclose the current conductor, the demagnetization
phenomenon appears during the magnetization process, which decreases the magnetic flux in
the ferromagnetic core. The output power of a free-standing energy harvester is smaller
compared to a cable-clamped one if both of them are tested under the same conditions.

Therefore, the free-standing energy harvester has to be finely optimized to increase the output

power.
Table 1.5 Summary of the free-standing magnetic field energy harvester
Ref. The Figure of Energy Size and Testing Power (P) and
Harvester Structure Conditions | Power density (S)
s A Brooks coil with an outer
[51] radius of 14 cm, inner radius | B,,=21.2 pyl P =6.32 mW,

of windings

of 7 cm and the height of 7 at 60 Hz S = 1.47 pw/cm?

&: Diameter
of the
windings

(0.5 mm)

cm

A long solenoid with a
B.,=18 il P =0.883 mW;

[52-53] s
at 50 Hz S =0.85 pwW/cm

length of 50 cm and a radius
of 2.5 cm

To the best of our knowledge, only three journal papers [52-54] from two research groups
have been published to discuss the applications, the concepts and the design details of a free-
standing energy harvester. Their experimental results are compared and summarized in Table

1.5. Tashiro et al designed a Brooks coil to harvest the magnetic field energy from a power
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line [52]. The power harvested from their design was limited as they did not use a
ferromagnetic core. Roscoe et al designed a solenoid with a ferromagnetic rod to collect the
magnetic field energy in a substation [53]. It was concluded that a thin and long rod could
have high effective permeability which leads to high output power. However, in their work,
the cast iron was selected as the core material which suffered greatly from the eddy current
losses. Furthermore, a thin and long rod is also prone to damage. Both of their coil designs
[52-53] have some key limitations which reduces the output power. In addition to the coil
design, it is equally important to have a proper matching circuit which could transfer the
energy from the harvesting coil to an energy storage unit efficiently. In [52], only a
compensating capacitor was added to eliminate the coil inductance and leave the coil
resistance unmatched. Thus, the energy conversion efficiency of their circuit is relatively low.
Besides, the matching circuit design becomes much more complicated if the load is not a
linear component (e.g. diodes, transistors, rechargeable batteries or charging capacitors). In
other words, the input impedance looking from the coil is not a constant so that a
conventional matching network cannot work properly. As a consequence, a comprehensive
study is necessary to fully investigate and optimize a free-standing energy harvesting system

in terms of the coil design and the circuit analysis.
To summarize, the main objectives of this research are listed as follows:

1. To investigate the magnetic flux density near the high voltage infrastructure and
identify where are the suitable places to deploy a free-standing magnetic field energy

harvester

2. To further study the magnetization process of a ferromagnetic material and identify

what factors may affect the magnetic flux density inside a ferromagnetic core

3. To design and optimize a new harvesting coil by considering the ferromagnetism, the

core losses, the winding method and the physical size

4. To develop a delicate matching circuit which can transfer the energy from the

harvesting coil into an energy storage unit efficiently

5. To design an energy management unit that utilizes the stored energy to power a

commercial wireless sensor.
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1.4 Organisation of the Thesis

The contents of this thesis are organised in the following manner:

Chapter 1 provides the background information of this the project, the motivations of the

work, the literature review and the layout of the thesis.

In Chapter 2, the system overview of a free-standing magnetic field energy harvester is
presented. The magnetic field near the high power equipment is investigated. The concept of
the demagnetization in the ferromagnetic material is explained. The energy losses in a
ferromagnetic core are analysed and discussed. A circuit structure is proposed which can

utilize the harvested energy effectively to power a wireless sensor.

In Chapter 3, a new bow-tie-shaped coil is designed to produce a much lower
demagnetization factor (hence more power) than that of a conventional solenoid. The
relationship between the core shape and the output power is explored and optimized. The
selection of core material is studied and it is found that Mn-Zn ferrite is the most suitable
core material because it greatly reduces the eddy current losses. The relevant experiment is
conducted which demonstrates the proposed bow-tie coil is much more efficient than a

conventional solenoid.

Chapter 4 introduces a more advanced coil with a novel helical core. By lengthening the path
of the magnetic flux in a ferromagnetic core, the demagnetization factor can be greatly
reduced which leads to a higher power output. The geometry shape of the helical core is
optimized to increase the path of the magnetic flux and better utilize the winding area
available inside the core. From the experimental results, it is demonstrated that the proposed
helical coil can have a much better performance than the bow-tie coil under the same testing

conditions.

In Chapter 5, a completed circuit system is developed which utilizes the energy collected by
the harvesting coil to power a commercial wireless sensor. A transient analysis is conducted
to calculate the input resistance of a charging capacitor as a function of time. A switch mode
power converter is designed as a matching network to increase the energy conversion

efficiency from the harvesting coil to a storage capacitor. A commercial wireless sensor can
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be powered up by the energy stored in the storage capacitor via an energy management unit.

Finally, Chapter 6 draws the conclusion of the work. The main objectives are reviewed, and
the contributions are highlighted. Furthermore, the challenges and possible extensions for

future research are presented.
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Chapter 2: System Overview of Free-standing Magnetic

Field Energy Harvesting

2.1 Introduction

The knowledge provided in this chapter is to gain a better understanding of a free-standing

magnetic field energy harvesting system. The chapter is divided into two parts:

In the first part, the magnetic flux density near high voltage equipment is studied as it is one
of the most important factors to determine the maximum power that can be harvested. Two
typical environments (under overhead power lines and inside electric substations) are
investigated. A case study is presented to calculate the distributions of the magnetic flux
density under a 400 kV double circuit pylon. It is found that the field distributions are
determined by many factors such as the line current, the balance in the three phase system,
the ling sag, etc. The field distributions in an electric substation are even more complicated as

there are a variety of power equipment carrying currents in different directions.

In the second part, a system overview of a free-standing magnetic field energy harvester is
presented. An equivalent circuit is introduced to model a harvesting coil connected with a
matched load. Three case studies are provided to calculate the effective permeability of the
cores with different shapes and the concept of the demagnetization in a ferromagnetic core is
explained in details. The energy losses in the ferromagnetic core are analysed. It is found that
the eddy current losses are dominant in the core losses and can be reduced either by
optimizing the core shape or using a core material with higher resistivity. Finally, a circuit
structure is proposed which utilizes the harvested energy effectively to power a wireless

Sensor.
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2.2 Magnetic Field near High Voltage Equipment

2.2.1 Under Overhead Power Lines

Common Types of Power Transmission Lines

ﬂ ” Typical Proposed Structure for the
Horseshoe Bend-Placerville Project
{ o
¥ ¥
0 ) T T A
A 01085 ~~ NN Placerville
-
65'1080 >< K
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Lattice Tower Pole Structure at 300" H-frame Structure Pole Structure 34.5KvWood Pole
Spacing at600’ Spacing Structures

p———— Transmission and Sub-Transmission Lines ———————— =Distribution Lines -4
Fig. 2.1 Different kinds of overhead power lines [1]

Obviously, for different kinds of pylons shown in Fig. 2.1, the physical structures of overhead
power lines and their corresponding typical line currents are different, resulting in various
distributions of the magnetic fields. The UK National Grid [2] used the L12 pylon for their

study and the same system is used in this work for comparisons. The physical structure of a
L12 pylon is shown in Fig. 2.2.

400 kV Double Circuit L12 Pylon

* Phase A
Phase B
* Phase C

height

Fig. 2.2 The physical structure of a 400 kV double circuit L12 Pylon
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As overhead power lines are usually significantly long so that they can be treated as infinite
long lines, hence a 3D field problem can be simplified to a 2D one. Due to the large ground
plan underneath, the electromagnetic wave reflects back from the earth may be considered
and the image theory can be applied [3]. The image current is equal in magnitude and
opposite in direction to the real current in the conductor. However, as the ground is not a
perfect conductor, the distance of the image conductor buried under the ground can be

expressed by (z; + ) as shown in Fig. 2.3 [3].

a = \28e~Im/* (2.1)

5 =503 |p,/f (2.2)

where p, is the earth resistivity in Qm and £ is the frequency in Hz. As the typical values of
the earth resistivity range from 10 to 100 Qm, the image currents are normally hundreds of
meters below the earth [3]. Therefore, the magnetic field reflected by the imperfect ground is

relatively small and therefore can be ignored.

F ¥,

A

Earth

!Jr
3y Image current

Fig. 2.3 Image current due to the imperfect ground [3]

As the frequency of the electrical power system is extremely low (50/60 Hz), quasi-static
approximations can be applied to simplify the field calculation. In [4], it shows that the quasi-
static approximations only result in an error of 0.000002% for fields at 100 m or less from the
power line. Thus, Ampere’s Law can be applied on each conductor to calculate the magnetic

flux density at a particular point as plotted in Fig. 2.4:
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B Point of
interest .

Fig. 2.4 The magnetic flux density generated from a current

_ tolo sin(wt)
B 2nr
where B, is the magnetic flux density generated by the conductor in T, u, is the permeability

(2.3)

0

of the free space in H/m, I, is the amplitude of the current inside the conductor, w is the
angular frequency in rad/s, tis the time in second and r is the distance between the current
conductor and the point of interest. The magnetic flux density B, can be decomposed in x and

y direction [2]:

tolo sin(wt)y

By, = BycosO = —omrz (2.4)
Iy sin(wt)x

Byy = Bysin6 = Holo Sin(wD)x (2.5)

2mr?

For a balanced three-phase system, the current in each conductor has the same amplitude

while the phase is 120" apart from the other two.

Table 1.1 The current in a three-phase system

Phase A Phase B Phase C

2 2
Iy sin(wt) Iy sin(wt + gn) Iy sin(wt — gn)
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As the pylon L12 has two three-phase circuits (one on each side), the overall magnetic flux

density of a particular point can be calculated by the summation of the magnetic flux density

from 6 conductors:

By = Bpx + B;lx + Bpx + B};x + Beyx + Bé‘x (2-6)
By=BAy+B;1y+BBy+BLI~?y+BCy+B£‘y (27)

Biotal = /sz + By2 (2.8)

where By, and Bj, are the magnetic flux densities in x direction generated from the two
current conductors in phase A in the double circuits and B,,;4; is the overall magnetic flux

density at the point of interest (POI).
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Fig. 2.5 The magnetic flux density under the L12 pylon when the current is 700 A in both circuits

According to the data from the UK National Grid [4], the overhead power line used for bulk
transmissions can have a current rating of 4000 A, but the average current in a typical circuit
is around 700 A. We first assume that the two three-phase circuits are perfected balanced and
carry a current of 700 A in each phase. Under these conditions, the magnetic flux densities

under the L12 pylon are calculated and plotted in Fig. 2.5. The results are in good agreement
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with the data provided by the UK National Grid [5]. It is expected that the flux density
increases with the height as it is more close to the current conductor. When the height above
the ground is lower than 6 meters, the largest magnetic flux density always appears in the
centre of the pylon. As shown in Fig. 2.6, a weather station is usually installed on the anti-
climbing protective device where is 4 or 5 meters above the ground [6]. The magnetic flux

density in this case is around 12 T .

Fig. 2.6 Example of a weather station installed on the anti-climbing protective device [6]
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Fig. 2.7 The magnetic flux density under the L12 pylon when the height is 4 meters above the ground

However, the two three-phase circuits in the pylon are not always balanced especially when

the two circuits are used to supply the power to different places. The distributions of the
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magnetic flux densities change when the two circuits are not balanced. We assume that the
two three-phase systems carry a total current of 1400 A but share it differently. The flux
densities at 4 m above the ground are calculated and plotted in Fig. 2.7. The maximum flux
density generated from the two unbalanced circuits is always higher than that of the balanced
one. If the three-phase circuit on the left hand side has a higher current as depicted in Fig. 2.7,
the B field at this side is larger compared to the balanced situation (700 A in each circuit). On
the contrary, the B field on the right side of the pylon is smaller compared to the balanced
case. However, in reality, it is very difficult to predict which circuit in a pylon will have a
higher current. It is important to note that the flux density at the centre of the pylon does not

change significantly when the two circuits are unbalanced.

In conclusion, the best place to deploy a free-standing energy harvester is directly under the
centre of a pylon where the magnetic flux density is large and consistent. In Table 2.1, the
magnetic flux densities under various overhead power lines have been summarized based on
the data provided by the UK National Grid [5]. The magnetic flux density is always higher
than 7 pilms which could be a reliable energy source for a free-standing magnetic field

energy harvester.

Table 2.1 Summary of the magnetic flux density under overhead lines

The types of Test Magnetic flux density

overhead power lines conditions at the centre of the pylon

1 =700 A (balanced circuit)
400 kV L12 Pylon 11.3 Wl s
3 meters above the ground

I =700 A (balanced circuit)
400 kV T-Pylon 7.7 YT s
3 meters above the ground

I =700 A (balanced circuit)
132 kV L7 Pylon 8.6 LT yms
4 meters above the ground

1 =700 A (balanced circuit)
132 kV L4 Pylon 8.2 T s
4 meters above the ground
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2.2.2 Inside Electrical Substations

substation fence

| I::] C:Z] :::I~—— transformers
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Fig. 2.8 (a) the picture of a 132 kV substation (b) the physical structure of a 132 kV substation, (c) the

magnetic flux density inside the substation [7]
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Electrical substations are where various power cables are connected and switched and where
the voltage is changed by power transformers. It is very complicated to calculate the
magnetic field accurately in a substation as there are a variety of conductors carrying currents
in different directions. The UK National Grid has built a simple model of a 132 kV substation
which only includes a double circuit overhead line, busbars, switchgears and transformers [7].
The layout of the substation and the magnetic flux densities are plotted in Fig. 2.8. It is noted
that the flux density B near the busbars varies from 10 to 20 piTms While the B field close to
the transformers can be as high as 60 pil,ys. Although it is only a simplified model, it
indicates the magnetic flux density in the substation is relatively high especially close to

transformers.

There are several published papers on the investigation of the levels of the magnetic flux
density B inside different electrical substations. The results are summarized in Table 2.2.
They have confirmed that the flux density does not exceed regulatory levels [8 - 11]. From
their work, it can be concluded that the magnetic flux densities are always higher when it is
close to transformers and switchgears. Therefore, in the vicinity of these power devices where
the magnetic field strength is strong and consistent, plenty of energy can be harvested by a

free-standing magnetic field energy harvester to power a wide range of condition monitoring

Sensors.
Table 2.2 Summary of the magnetic flux density inside different substations
The types of - ) )
) ) Test conditions Magnetic flux density
electrical substations

11 kV indoor .

Substation [8] Near power transformers and switchgears 15 - 20 HTrms
150 kV outdoor

Substation [9] Close to voltage transformers 26 - 28 LT s
345 kV outdoor . -

Substation [10] Near high voltage circuit breakers 30 - 40 T s
400 kV outdoor _— .

Substation [11] In the vicinity of an air-core reactor 50 - 150 WT s
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2.3 Overview of a Magnetic Field Energy Harvester

2.3.1 System Modelling

*“—Veoil™

Effective cross section area A

7 N N

Ferromagnetic

core

T ”
Winding numbers N
Fig. 2.9. A free-standing solenoid with a ferromagnetic core placed inside an alternating magnetic field

At 50/60 Hz, the most efficient way to harvest the magnetic field energy is to employ coils
wrapped typically on ferromagnetic cores as shown in Fig. 2.9. Though the energy harvesting
coil may be several meters away from the high voltage equipment, it is still an inductive
coupling system since the wavelength of the 50/60 Hz electromagnetic wave is extremely
long. Therefore, the maximum power that the coil can harvest does not solely depend on the

surrounding magnetic field, but also on the effective coil resistance and the optimized load.

l R-coil : ! Matched |

|
L-coil | R-wire R-core : 1 Icl Load :
| Ll |
— VTN VW— M — I !
. l |
s 1 | |
I 7+ . [ I |
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: @ sine : : R-load :
| [ [ |
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Fig. 2.10 The equivalent circuit of a free-standing energy harvester with a matched load.
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Fig. 2.10 shows the equivalent circuit of a harvesting coil connected with a compensating
capacitor and a load resistor with the same value of R, The induced coil voltage V,,;; is a
function of the surrounding magnetic flux density and the coil properties by applying

Faraday’s Law:

Veoit = NwBore A (2.9)
where V,,;; is the RMS voltage of the AC waveform, N is the number of turns wound on the
coil, B, 1S the magnetic flux density inside the ferromagnetic core in Ty, A represents the

effective cross section of the coil in m?, w is the angular frequency in rad/s.

The effective coil resistance R consists of two parts: copper resistance and equivalent core
resistance. The copper resistance is caused by the resistance of the long enameled wire wound

on the core.

Reopper = Pwirelwire (2.10)
where p,ire IS the wire resistance in Q/m and [,,;,-. is the total length of the enameled wire in
m. When the core is subject to a time-varying magnetic field, some of the power to be
delivered to the load is lost in the core and is dissipated as heat. These losses can be treated as
the equivalent core resistance. To provide the maximum power from the coil to the load, the
maximum power transfer theory is applied. A compensating capacitor C = 1/(w?%L.,;;) is
added in series to the coil to eliminate the coil inductance L.,;. The load resistance Rjoaq
should be the same of the coil resistance. Under this condition, as shown in Fig. 2.10, the

power delivered to the load:

Veoil
Pioaa = ( CZOL )Z/Rcoil (2-11)

The power density (the output power per unit volume, which is different from the definition

of the power density in electromagnetics) of this system can be derived as follow:

1 Vi
Spower = Zﬁ /Vol (2.12)

where Vol is the total volume of the harvesting coil in m*. To maximize the power output
from the coil, its coil voltage V,,;; should be increased while the coil resistance R.,;; must be

minimized. These two variables are correlated to the core shape, the core material and the
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properties of the enameled wires.

2.3.2 Effective Permeability and Demagnetization Factor

Diamagnetic material

B>H

Fig. 2.11 The distribution of the magnetic flux with different magnetic material [12]

In the power transformer system, the laminated iron core is used to improve the energy
conversion efficiency. The similar idea can be applied in the energy harvesting system to
scavenge more magnetic field energy. When a specific material is placed in a magnetic field,
the field distributions will be disturbed depending on the relative permeability of the material
shown in Fig. 2.11. The ferromagnetic material can attract surrounding magnetic flux to pass
through themselves so that they can be used as the core material to capture more magnetic
field energy. According to Equation (2.9) and (2.12), the magnetic flux density in the core
B.ore 1S One of the most important factors to determine the output power. Therefore, the
purpose of this section is to investigate B.,,. when a ferromagnetic core is placed in an

externally applied magnetic field H,,..

When a ferromagnetic core is subjected to an external magnetic field H,,, the magnetic flux

density B.,.. consists of two contributions:

Beore = Ho (Hcore + M) (2-13)

where H.,.. IS the magnetic field inside the core in A/m generated either by electrical
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currents outside the material or from a permanent magnet; M is the magnetization in A/m
inside the material caused by H,,,.. The magnetization M and the flux density B,,,. can be

correlated to H,,,. by the susceptibility y and permeability u [13]:

M
X = (2.14)
HCOTE
BCOT’@
U= (2.15)
HCOT@

The susceptibility and permeability describe the response of a magnetic material when
subjected to an external magnetic field [13]. It should be noted that the susceptibility and
permeability may or may not be constant depending on the type of material. For example,
when a ferromagnetic core is saturated, the magnetization M in the core does not increase
with the magnetic field H,,,. as shown in Fig. 2.12(a). However, in the application of energy
harvesting, the magnetic field H.,,.. is quite small and a soft ferromagnetic material with a
small coercive field is used. Therefore, we can assume that M is always linearly proportional
to H,,,. as shown in Fig. 2.12(b). In the application of a free-standing magnetic field energy

harvester, y and u can be treated as constants.

a Hard b Soft

»
v

H

Y

i

Operation
region

Fig. 2.12 The hysteresis loop of hard and soft ferromagnetic materials [14]

The term ‘relative permeability’ of a material is defined by:

U
U = — (2.16)

" Ho
Beore = UrtoHcore (2-17)
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where p, is the permeability of free space py, = 41 x 10~7 H/m. In some circumstances, it is
difficult to directly calculate the value of the magnetic field inside the core H.,,.. Thus, the
term ‘effective permeability’ is defined to directly describe the relationship between flux

density inside the core B,,,. and the external applied magnetic field H,,:

Beore = /Jeff.uoHex = /’LeffBex (2.18)
Three different situations have been studied to calculate the flux density B.,,.. by a given H,,.
If there is a conductor carries a current of 1 A shown in Fig. 2.13, the magnetic field H,,, can

be calculated by Ampere’s law:
H,, = ! 2.19
ex — 27_[1, ( . )
where r is the distance away from the current conductor. when I =1 A and r = 5 c¢cm, the

magnetic field H,, is around 3.2 A/m and the external magnetic flux density B, is 4 pT.

Fig. 2.13 The magnetic field around a current conductor

Situation One:

If there is a toroid core fully enclosed to a current conductor as shown in Fig. 2.14, the
magnetic field inside the core H,,,.. can also be calculated by Ampere’s law as the magnetic

flux travels in a single medium. In this scenario, the effective permeability p,.( is equal to

the relative permeability u, of the core material and therefore B,,,. is linearly proportional
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to u,- as shown in Fig. 2.15. If the relative permeability u, is 1000, the flux density in the core

B.ore 1S4 mT which is 1000 times higher than the external applied magnetic flux density B,,.

Fig. 2.14 A toroid with a ferromagnetic core

1
27T

Beore = UrtoHcore = UrBex (2-21)

Heore = Hex = (2-20)
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Fig. 2.15 The magnetic flux density B_,,. in a toroid as a function of the relative permeability
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Situation Two:

Fig. 2.16 A ferromagnetic toroid with an air gap

If a toroid core with a small air gap is clamped on the current conductor as shown in Fig. 2.16,
Equation (2.21) is not valid in this case since the magnetic flux travels through two different

mediums. If Ampere’s law is applied again:

I = Hoppe(2nr — G) 4+ Hyjr G (2.22)
where H,,,. is the magnetic field inside the core, G is the length of the air gap, H,;, is the
magnetic field in the air gap. Obviously, the magnetic field in this case is discontinuous when
travels from the core into the air gap. Thus it is difficult to calculate the magnetic field H.,,..
and then obtain the flux density B.,... The theory of magnetic circuits can be applied to
calculate B, as a function of the effective permeability . and the applied magnetic field
H,,. As the air gap is quite small compared to the perimeter of the toroid core, fringing fields

can be ignored and the magnetic flux in the core can be calculated [13]:

_ 1
Q= R, (2.23)

where ¢ is the magnetic flux in Webbers (analogue to current in electrical circuits), n is the
magnetomotive force in ampere-turns (analogue to voltage in electrical circuits), R,, is the
magnetic reluctance in ampere-turns per weber (analogue to resistance in electrical circuits).

These three parameters can be obtained by:
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® = BeoreA (2.24)
A = (0.5W,)2 (2.25)
n=1I (2.26)
2nr — G G
™= Aty | Al 2.27)

where A is the cross section area of the toroid core in m?, W, is the radius of the cross section

area in m. By combining Equation (2.23) to (2.27):

Ty po
B = 2.2
core 27_[1, _ G + G‘Llr ( 8)

The current | can be substituted by Equation (2.18),

21T U,

B = H 2.28
core 27T7‘—G+G,Llrll0 ex ( )

The effective permeability u. ¢ can be defined as:

o A (2.30)
Refr = omr—G + Gu, '
Beore = .uo.ueffHex (2.31)

— o — = — o ——

=

=

S | ===-Gap=0.5cm
e R Gap =03¢cm
n Gap =0.1cm|
L :

©

c

)

©

=

T T T T T T
400 600 800 1000
Relative Permeability

Fig. 2.17 The magnetic flux density B_,,. Of a toroid with a gap as a function of the relative permeability

If the air gap G is configured to 0.5 cm and u,- = 1000, the effective permeability p.¢f is only
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around 62.4. By introducing a small air gap to a toroid core, the flux density B.,,. IS
significantly reduced compared to an unbroken one. When the air gap becomes larger, the

magnetic flux B,,,. is further reduced as depicted in Fig. 2.17.

Situation Three:

Fig. 2.18 A ferromagnetic rod below a current conductor

However, when there is only a ferromagnetic rod under a current conductor shown in Fig.
2.18, the problem becomes much more complicated compared to a toroid clamped on a
conductor. The theory of magnetic circuits cannot be applied as the majority of the magnetic
flux generated from the current conductor is distributed in the air. In this case, the

demagnetization should be considered and analyzed to calculate the flux density B, in the

e Ife K35 %% =%
ﬁ fm?

Fig. 2.19 A ferromagnetic bar without a magnetic field

rod.

Page |49



Chapter 2: System Overview of Free-standing Magnetic Field Energy Harvesting

—— — N SIN N 3] sl &3] &S — e
— |- N3 SN SN SN SN 5 SIS — | «—
«— | —[N_SIN_S)N_SIIN_S] N_SI N_SIIN_S]N_S] —| «—
— |- N N S S35 SN _§] N 5] F_35] —|«—
— —@@@DS__LS— —
HEX HEX

Fig. 2.20 A ferromagnetic bar with an external magnetic field

When a ferromagnetic rod is not magnetized, thousands of tiny magnets are randomly
distributed inside as demonstrated in Fig. 2.19. When an external magnetic field H,, is
applied, tiny magnets are all oriented in the same direction as shown in Fig. 2.20. The poles
of adjacent magnets cancel each other everywhere except at the end of the rod, leaving a
surface layer of north poles on one end and south poles on the other. Magnetic fields always
start from the north poles and end at the south poles. Thus, as shown in Fig. 2.21, a
demagnetizing field H, is generated which is against the external applied magnetic field H,,.

The magnetic field H,,,. in the core can be expressed by:

— @- _____________________________ P e e im i imim s @ —
«— 8:ZZZZZZZIiII?FiiiZiZiZZZZ : < Heie feorg o O e
-— ®_N ....... d ................... P mm oo S.@ —
@ ........................... .F{.Ci-) ................................... @
— o Y. o
« @- ............................. Pmim i m i m i m i m i m @_ «
Hex € [ > Hex

Fig. 2.21 The demagnetizing field inside a ferromagnetic rod

Heore = Hex — Hg (2.32)
The demagnetizing field H; depends on two factors [13]: the magnetization M in the material
(the surface pole strength) and the shape of the specimen (the pole distributions). The
demagnetization factor D,, is introduced to describe the relationship between the

demagnetizing field H; and the magnetization M.

Hy =Dy XM (2.33)
The demagnetization factor Dy, is solely determined by the specimen geometry [13]. The flux

density B, in the rod can be expressed by either H.,,.. and H,,,
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Beore = Heorelrto = HexMesrlHo (2.34)
According to Equation (2.13) and Equations (2.32) to (2.34), the effective permeability p, ¢

of an open core can be obtained:
_ Hr
M T T4 Dy (i = D
When the relative permeability u,. is much bigger than 1, u.r, is solely dependent on the

(2.35)

demagnetization factor D,, which is purely related to the core geometry. When a
ferromagnetic rod can be made longer, the separation between the north poles and the south
poles is increased which leads to a reduction in the demagnetizing field H;. By making the
rod thinner, fewer poles are generated at the two end surfaces which also reduces the
demagnetizing field H;. However, even for a uniform rod, it is very difficult to have an
analytical expression for the calculation of the demagnetizing field H; as well as the
demagnetization factor D), [15-17]. Chen et al built a 2D model to investigate the

demagnetization factor D,, as a function of the length to diameter ratio y [15].

l
v=5 (2.36)

where [ is the length of the rod in meters and d is the diameter of the rod shown in Fig. 2.21.

According to the data in [13], the demagnetization factors for various core shapes are
summarized in Table 2.3.

Table 2.3 Demagnetization factors for various core shapes

Core geometry Test conditions: ratio y Demagnetization factor
Toroid N/A 0
Cylinder y = © 0
Cylinder y =10 0.017
Cylinder y =28 0.020
Cylinder y=5 0.040
Sphere N/A 0.333
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Similar to the two cases discussed above, if a ferromagnetic rod is placed in the same external
magnetic field H,, of 3.2 A/m, the magnetic flux density inside this rod B,,,. is plotted in
Fig. 2.22 as a function of the relative permeability p,.. It is noted that a thinner and longer rod
can have a high flux density B,,,. than a shorter and fatter one. Besides, compared to the
toroid core, the flux density in the rod is much smaller when they have the same core material
and placed in the same magnetic field H,,.. As a consequence, for a free-standing energy

harvesting coil, the core shape has to be further optimized to achieve higher output power.
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Fig. 2.22 The magnetic flux density B.,,.. inside a rod as a function of the relative permeability

2.3.3 Energy Losses in a Ferromagnetic Core

When a ferromagnetic core is placed in a time-varying magnetic field, some of the power to
be delivered to the load is lost in the core and dissipated as heat. In general, the core losses

can be mainly divided into the hysteresis losses and eddy current losses.

The hysteresis phenomenon causes the magnetic flux density B,,,. in the core to lag behind
the magnetic field H,,,. as shown in Fig. 2.12. For a free-standing energy harvester, the
magnetic field in the core is relatively small due to the demagnetizing field. Furthermore, the

frequency of the magnetic field (50/60 Hz) is extremely low. Therefore, the hysteresis losses
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in this application are considerably low compared to the eddy current losses and therefore can

be ignored.

When a time-varying magnetic field impinges on a conducting magnetic medium, eddy
currents are generated which causes a dissipation of power. The power losses of the eddy
current P,. can be calculated by solving Maxwell’s equations in a homogenous magnetic

material of fixed permeability [13]. From Faraday’s law of induction:

dBcore
dt

Where E is the electric field in the core in VV/m, [ is the path of the eddy current in m, A is the

1
VxE=Z§Em=— (2.37)

effective area of the magnetic material in m? and B,y is the flux density impinged on the
material. If a magnetic flux impinges on a circular lamina with a radius of r, the eddy currents

are shown in Fig. 2.23.

v

Fig. 2.23 The magnetic flux density B.,,.. impinges on a circular lamina

1
—fEﬂ:-E:-

y (2.38)

Assuming that the electric field E is uniform distributed, E can be expressed as a function of

BCOTB:

rdBcore
F=———""" 2.
2 dt (2.39)

The eddy current density J can be obtained by:
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E 7 dBcore

]:;:_Zp dt

(2.40)

where p is the resistivity of the material in Qm. The power losses can be calculated from the

integral of the product of the current density J and the electric field E over the volume:

dBcore

To 4
P, = f JEQmr)dr = 2 (E2corey2 (2.41)
0 8p ~ dt

In general, the classic power loss per unit volume of the eddy current S, can be expressed by:

d2 dBcore
Sec i Y G P
2fp " dt

where d? is the cross section area in m?, S is the shape factor, which has the value 8 = 6 for

)? (2.42)

laminations, § = 16 for cylinders and 8 = 20 for spheres. To reduce the eddy current losses,
the resistivity of the ferromagnetic material should be maximized and the core shape needs to

be optimized.

In summary, due to the small magnetic field in the core and the extremely low frequency, the
hysteresis losses are considerably small compared to the eddy current losses. To reduce the
eddy current, a core material with high resistivity should be used and the core shape needs to

be optimized.

2.3.4 Circuit Design
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Fig. 2.24 A typical circuit topology for an energy harvesting system
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The voltage waveform from a harvesting coil is a sine wave at the power frequency (50/60
Hz) and its amplitude changes with the surrounding magnetic field. However, the typical
supply voltage for a commercial wireless sensor is a fixed DC voltage typically ranging 3.3 V
to 5 V. Therefore, a circuit design is required to provide a stable voltage output to a wireless
sensor. In addition, the impedance matching has to be considered to transfer the maximum

energy from the harvesting coil to the wireless sensor.

Atypical circuit mode used for energy harvesting is shown in Fig. 2.24. A rectifier is added to
convert the AC signal to a DC value and the Schottky diode can be used to reduce the energy
losses [18]. As shown in Fig. 2.10, to extract the maximum energy from the harvesting coil,
the input impedance looking from the coil should be the complex conjugate of the coil
impedance. Thus, a matching circuit is required to transfer the input impedance to a desired
value. Finally, a DC-DC converter is applied to provide a stable output voltage and the

wireless sensor can be powered up.

| o TTTTTTETEEEETTY pTTTETmEEmEEEmTmEmT T | 1
Harvesting Coil i i Rectifier i i Matching Circuit | i Energy storage i
1 11 [
Pl P P |
) 1 1 Cc : 1 1 1 :
L-coil R-coil | ! I P L P! i
[ | 1 1 [ !
YT\ | P — ¥ T i
o D | i P ]
Lo b i i
[ P [ + !
b [ Il —_— i
¥\ v-coil o b I R — :
{l’ sine E i _A_D i i — i i — storage |
B B B i
1 1 I [ 1
[ P [ !
1 1 ] [ 1
1 1 p |0 [ :
N HE I

Fig. 2.25 The circuit diagram for charging an energy storage unit

However, in general cases, the power harvested by a free-standing magnetic field energy
harvester is around several milliwatts or even smaller. For a typical wireless sensor, hundreds
of milliwatts are required during its active operation [19]. Therefore, the energy collected by
the coil should be stored in an energy storage unit (ESU) as shown in Fig 2.25. The ESU acts
as a buffer stage to adapt for current surge from the wireless sensor. An energy management
unit (EMU) shown in Fig 2.26 is used as a start-up circuit for the wireless sensor. It monitors
and controls the energy in the ESU. Once the stored energy is larger than a certain level, the
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wireless sensor is connected to the ESU via a DC-DC converter.
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Fig. 2.26 The energy management unit
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2.4 Summary

In this chapter, the magnetic flux density near the high voltage equipment has been
investigated. From the results summarized in Table 2.1 and Table 2.2, a minimum magnetic

flux density of 7 T s is available under overhead powers line or inside electrical substations.

The system overview of a free-standing magnetic field energy harvester has been presented
and discussed. Three case studies have been provided to calculate the effective permeability
of the cores with different shapes. The results are summarized in Table 2.5.

Table 2.5 The effective permeability of various core shapes

Core shape Figure Effective permeability

Toroid Hefr = Ur
B f ;/c
;?=5cm
v 2R
Toroid with a gap Oria ™ » Heff = 5R — Gﬂ_: Gu
T
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Uniform rod

_ Uy
et = T4 Dy (ty — 1)

The concept of the demagnetization in a ferromagnetic core has been explained in details and

the core shape is the key factor to determine the effective permeability. The energy losses in

the ferromagnetic core have been analysed and discussed. The eddy current losses could be

reduced either by optimizing the core shape or using a core material with higher resistivity.

Finally, a circuit structure has been proposed which utilizes the energy collected from the

harvesting coil to power a wireless sensor.
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Chapter 3: The Development of a Bow-tie Coil

3.1 Introduction

For electric power transmission networks, high voltage overhead power lines are of great
importance. Due to temperature variations, aging effects and ice accumulation [1, 2], the sag
of the conductor may lead to dangerous circumstances and huge maintenance costs [3].
Hence, monitoring overhead power line conditions, disturbances, faults and sags is essential
to ensure the proper operation of the power line transmission networks. Several critical
parameters such as the ambient temperature and the line current may affect the operability
and availability of overhead power lines. With the advancement in wireless communication
technologies, inexpensive and ultra-low power wireless sensors have been developed and can
be applied to monitoring these important parameters. However, the finite life span of the
batteries which power the sensing system becomes a bottleneck as it is expensive to
periodically replace these batteries. Thus, the energy harvesting technology is an attractive
and promising solution to make the system monitoring self-sustainable [4].

As discussed in Chapter 1, solar panels and small wind turbines are good options to collect
energy in good weather conditions [4, 5]. However, they also require additional high-capacity
energy storage units which are normally expensive in order to work at night or when there are
no winds available [3, 6]. Furthermore, harsh weather conditions like hail and storms could
damage the turbine blades and solar panels [3, 7]. In the vicinity of high voltage power lines,
a strong electromagnetic field is generated, which could be a consistent energy source for
wireless sensors. Recently, a number of energy harvesting devices have been developed to
collect the electrical [3, 8-12] or magnetic field energy from overhead power lines [13-17].
These devices are all wrapped on the power lines as shown in Fig. 3.1 to provide a range of

wireless measurements such as conductor temperature, line sags and ambient temperature.

A limitation of all these designs is that the devices have to be mounted on overhead power
lines. This limits the size and the weight of the sensors as it would further increase the line
sag. The real-time weather data (such as wind speed, humidity and air temperature) near
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overhead power lines is the foundation of the dynamic thermal rating technique, which could
have a significant increase in the transmission capacity compared with the traditional static
rating [18, 19]. Normally, the size of a weather station with a wind sensor is relatively large
compared with temperature and humidity sensors [20]. Besides, it needs to be installed on a
stationary object to keep it still. Therefore it is almost impractical to connect the weather
station to a conventional energy harvester which is mounted on the power line. An energy
harvesting device placed off the power lines, such as on the ground can overcome these short
comings. Besides, this free-standing energy harvester can be easily combined with the solar
pane or the wind turbine to form a reliable and efficient energy harvesting system. Zhu and
colleagues designed a free standing capacitor to scavenge the electric field energy in a
substation [21, 22]. However, the power output was limited due to the loading effect caused
by the large impedance of the capacitor. Tashiro et al used Brooks coils to harvest the energy
from the power line [15]. From their experiment, a power density of 1.47 pW/cm?® was
achieved in an area with the magnetic flux density of 21.2 il ms. Their power density was
limited due to the core shape and material. Roscoe et al designed a 50 cm long solenoid with
a diameter of 5 cm to collect the magnetic field energy in a substation [23]. The power
density in the coil was 0.845 pW/cm?® when it was placed in a field of magnetic flux density
of 18.5 Ll ms. They selected cast iron as the coil core material which suffered greatly from
the eddy current losses. This chapter provides a comprehensive study on the magnetic field
energy harvester in terms of the coil geometrical shape, core material and wound method.
Details on the coil designs and design equations are given in Section 3.2. In Section 3.3, the
experiment evaluation of the proposed designs is presented. The discussion and conclusions

are given in Section 3.4.

¥, e

Energy Harvesting Tube

(b)

Fig. 3.1 Energy harvesters mounted on the overhead power line. (a) from [10] and (b) from [11]
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3.2 The Design and Analysis of the Bow-tie Cail
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Fig. 3.2 The equivalent circuit of a free-standing energy harvester with a matched load.

At 50 Hz, the most efficient way to harvest the magnetic energy is to employ coils wrapped
typically on ferromagnetic cores. Though the energy harvesting coil may be more than 10
meters away from the overhead power lines, it is still an inductive coupling system since the
wavelength of the 50 Hz electromagnetic wave is extremely long. Therefore, the maximum
power that the coil can harvest does not solely depend on the surrounding magnetic field, but
also on such as the effective coil resistance and the optimized load. Fig. 3.2 shows the
equivalent circuit of a harvesting coil connected with a compensating capacitor and a load
resistor with the same value of R The induced coil voltage V. is a function of the

surrounding magnetic flux density and the coil properties by applying Faraday’s Law [23]:

Veoit = NwBex Aldes s (3.1)
where V,,;; is the peak value of the AC waveform, N is the number of turns wound on the caoil,
B, is the external magnetic flux density in T applied to the coil, A represents the effective
cross section of the coil in m? w is the angular frequency in rad/s and Uesr IS the effective

permeability related to the core material and core geometry.

The effective coil resistance R consists of two parts: copper resistance and equivalent core
resistance. The copper resistance is caused by the resistance of the long enameled wire wound

on the core.

Rcopper = Pwirelwire (3.2)
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where p,ire IS the wire resistance in Q per meter and [,,,;,.. is the total length of the enameled
wire in m. When the core is subject to a time-varying magnetic field, some of the power to be
delivered to the load is lost in the core and is dissipated as heat. These losses can be treated as

the equivalent core resistance.

To provide the maximum power from the coil to the load, the maximum power transfer
theory is applied. A compensating capacitor C = 1/(w?L,,;;) is added in series to the coil to
eliminate the coil inductance L.,;;. The load resistance Rjoaq Should be the same of the coil
resistance. Under this condition, the power delivered to the load is calculated:

Veoil
Pioga = ( CZOL )Z/Rcoil (3-3)

The power density of this system can be derived as follow:

1V
Spower = 2 RC:;” /Vol (3.4)

where Vol is the total volume of the harvesting coil in m®. To maximize the power output
from the coil, its coil voltage V,,;; should be increased while the coil resistance R_,;; must be
minimized. These two variables are correlated to the core shape, the core material and the
properties of the enameled wires.

3.2.1 Optimum Core Shape Design
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Fig. 3.3 The demagnetizing field Hy inside a ferromagnetic bar when applying an external magnetic field
Hex

Since a free-standing coil cannot entirely enclose a current conductor, the demagnetization

phenomenon appears during the magnetization process, which decreases the effective
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permeability u.rr. When an external magnetic field He is applied to the ferromagnetic

rod/core as shown in Fig. 3.3, the north and south poles are created at two opposite sides,
leading to the demagnetizing field Hq.

Hin = Hexy — Hy (3.5)
The demagnetizing field H; depends on two factors [24]: the magnetization in the material
(the surface pole strength) and the shape of the specimen (the pole distribution). The
demagnetization factor D,, is introduced to describe the relationship between the

demagnetizing field H; and the magnetization M.

Hy =Dy xM (3.6)
The demagnetization factor D, is solely determined by the specimen geometry [24]. Thus the
core shape needs to be optimized to reduce the demagnetization factor. Roscoe et al used a
solenoid with a ferromagnetic core to harvest the magnetic field energy in a substation [23,
25]. They concluded that a thin long solenoid could have large effective permeability based
on their experiment. However, a very long and thin solenoid may not be the best solution:
although its volume may not be large, it can still occupy too much space because of its length.
Furthermore, a long and thin ferromagnetic rod is brittle and prone to damage. We therefore
propose a novel bow-tie-shaped core, shown in Fig. 3.4, which has a low demagnetization

factor.
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Fig. 3.4 The demagnetizing field inside a bow-tie-shaped core when applying an external magnetic field

The two ends of the core have been broadened like a bow-tie. There are two main reasons for
choosing this shape to reduce the demagnetization factor:
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1. Based on Gauss’s Law for magnetism, the larger surface areas at the both ends can guide
more magnetic flux from the air into the ferromagnetic core. This intensifies the

magnetization at the middle of the core where the wire is wound on.

2. When this bow-tie core is magnetized, the south and north poles are mainly formed at the
end surfaces. As the surface has been increased, the separation between the south and north
poles is therefore increased, which results in a reduction of the demagnetizing field at the

middle of the bow-tie core.
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Fig. 3.5 (a) The conventional solenoid with R, =5 cm, L = 15 cm. (b) the conventional solenoid with R, = 2
cm, L =15 cm. (c) the dumbbell core with Ry, =5 cm, Ry =1cm, h =2.4 cmand L = 15 cm. (d) the bow-

tiecore with Ry, ;=5¢cm,Ry=1cm,h=24cmand L =15cm

To verify these two arguments, four cores depicted in Fig. 3.5 have been tested in the same
uniform magnetic field generated by a Helmholtz coil. All of them have the following

configurations for comparison:
1. The same length of 15 cm;
2. An ideal magnetic core material with the relative permeability u, and zero conductivity;

3. Winding numbers N=100 on the core;
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4. Placed in the same alternating magnetic field area (6 T rms).

Solenoid (b), Dumbbell core (c) and Bow-tie core (d) have the same volume. The outer radius
of Bow-tie core (d) equals to the radius of Solenoid (a). Dumbbell core (c) and Bow-tie core
(d) have the same effective area that is orthogonal to the incoming magnetic field. Therefore,
a fair comparison can be made to observe the effect on the different separations between the
north poles and south poles. As the conductivity of the core material is intentionally set to
zero, eddy currents can be eliminated inside the core. Therefore, we can focus on the
magnetic properties with different core shapes. CST is used as the simulation tool. A large
Helmholtz coil is built to generate a uniform magnetic field area where the core under test is

placed. The boundary condition is set to “open” to emulate the free space.
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Fig. 3.6 The magnetic flux density B;, inside the four cores when the external magnetic density of 6 T s
is applied

Fig. 3.6 shows the simulated magnetic flux density B, inside the four cores when the relative
permeability & is configured to 2000. The magnetic flux density B;,," at the middle is 785
uTms for Bow-tie core (d) and 633 uT,ms for Dumbbell core (c), but only 38.87 uTms for
Solenoid (a) and 110 uTms for Solenoid (b). This validates the first argument that the large
end surface (but small middle section) will increase the magnetization intensity in the middle

of the core. The effective permeability u.r¢" and the fluxmetric demagnetization factor D' at
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the middle of the core can be obtained using [1]:

Herf = Bin'/Bex (3.7)

D" = (ur/pers’ — 1/ (ur — 1) (3.8)

The fluxmetric demagnetization factors D' of Dumbbell core (c) and Bow-tie core (d) are
found to be 0.009 and 0.007 respectively. The D' of Bow-tie core (d) is smaller than that of
Dumbbell core (c), which validates the second argument that by increasing the separations
between the north and south poles, the demagnetization factor can be reduced and therefore

increase the power output.
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Fig. 3.7 The effective permeability of four cores as a function of 14

It is also found that the effective permeability of Bow-tie core (d) is the highest among these
four testing cores, as shown in Fig. 3.7. The u.¢¢" of Solenoid (b) is 2 times bigger than that
of Solenoid (a) which validates the concept discussed in [23, 25]. Furthermore, four curves
become saturated as |k increases. For the curves of Solenoid (a) and (b), their knee points
appear when | approaches 100. In contrast, for the curve of the bow-tie core, its knee point
is around 300 and the effective permeability increased with L, though the slope is small.
However, the power density of the harvesting coil depends not only on .z, but also on the
effective cross section area and the coil resistance. As the ideal core material has been used,

Page |68



Chapter 3: The Development of a Bow-tie Coil

the coil resistance is determined by the copper resistance. If an enameled wire with the
diameter of 0.14 mm and the wire resistance of 1.11 Q/m is used, the copper resistance is
calculated and shown in Table 3.1.

TABLE 3.1 The parameters of the three cores when | = 2,000 and N = 100

Core Type Solenoid (a) Solenoid (b) Dumbbell (c) Bow-tie (d)
Effective permeability 6.48 18.33 105.51 130.81
Demagnetization factor 0.154 0.0540 0.009 0.007

Open circuit voltage (MV ) 8.61 3.54 6.09 7.54
Wire resistance (€2) 34.87 13.94 6.97 6.97
Output power (W) 0.53 0.23 1.33 2.04

Power density (nW/cm?) 0.45 1.19 7.04 10.82
12

—_
o
|

mE ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
o
=
£
3 G ‘....--C“’:’.".'..-....‘....-....3
B 64 /e : ;
c | f e ! 1 |
2 S —-—- Solenoid (a) |
o) - - - Solenoid (b)
s | /A e Dumbbell (c)
DL e Bow-tie (d) --------
-—.—‘_-_-_-_-_--l_ _____ | _____ T -_-—._| ..... :_
1000 1500 2000

Relative permeability

Fig. 3.8 The power density of four cores as a function of 4 when N is 100

According to Equations (3) and (4), the power density of the four cores is plotted in Fig. 3.8
as a function of the relative permeability 4. As shown in Table 3.1, the bow-tie core has the

smallest copper resistance due to its small inner radius Rj,, which leads to the largest output
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power though its volume is much smaller than Solenoid (a). The output powers are low due
to the small number of turns. The relationship between the winding properties and the output
power will be discussed later. As shown in Fig. 3.8, when i = 2000, the power density of the
Bow-tie core (d) is 1.5 times as much as that of Dumbbell core (c) and 8 times bigger than
Solenoid (b). As a consequence, the bow-tie-shaped core shows the best performance

compared with other cores.

A parametric study has been conducted on the bow-tie core to maximize the output power
when the volume and the length are fixed. The outer radius Roy and the inner radius Rj, are
tuned in a certain range, while the height h is configured accordingly to keep the core volume
and length unchanged. In theory, when the outer radius Ry is increased, more magnetic flux
can be guided into the core and the surface poles formed at the two ends are separated even
further. Therefore, a larger outer radius may generate a higher voltage. Fig. 3.9 shows the
simulation results. As the inner radius R;j, increases, the coil voltage increases slightly.
Nevertheless, a smaller inner radius will have lower copper resistance. When the outer radius
Rout INcreases, the voltage increases significantly as shown in Fig. 3.9. As a consequence, a
bow-tie core with a larger outer radius Ryt and smaller inner radius Rj, could have a higher

power density as shown in Fig. 3.10.
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Fig. 3.9 The open circuit voltage of the bow-tie core with different inner radius R;, and outer radius Ry
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Output Power (uW)
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Fig. 3.10 The output power of the bow-tie core with different inner radius R;, and outer radius Ry

3.2.2 Core Material Selection

It is important to note that the core material can have a huge effect on the performance of the
harvesting coil. In [35], a research was conducted on harvesting magnetic field energy with
different core materials. It was concluded that nanocrystalline alloy (FeSiB) was the most
suitable material which has very high relative permeability (.4 = 8,000~40,000) and
saturation magnetization. However, they did not consider the case that the harvesting coil
could not entirely enclose the conducting current. As depicted in Fig. 3.7, due to the
demagnetization factor, the effective permeability s becomes saturated when the relative
permeability |4 is higher than about 400. Therefore, ultra high i would not provide a
significant increment on the . Instead, it is more important to focus on the reduction of the
core losses. In general, the core losses can be divided into hysteresis losses and eddy current
losses. By using the soft ferromagnetic material with low coercivity, the hysteresis losses in
this application are considerably smaller than the eddy current losses due to the weak
magnetic field and extremely low frequency. Roscoe et al used cast iron as the core material

and the device suffered greatly from eddy current losses [23, 25]. Their measurement results
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showed that the effective coil resistance was up to 33 kQ, dominated by the eddy current
losses. As a consequence, the eddy current must be minimized to maximize the power output
delivered to the load. According to [24], the equation to calculate the power consumption of
the eddy current losses is:

S dBi,
Weddy = % (7)2 (3.9)
where S is the cross section area in m?; B, is the magnetic flux density inside the core in T; p
is the material resistivity in Qm and k is the shape factor. We use stainless steel as the
reference core material for the bow-tie coil shown in Fig. 3.3, whose relative permeability is
close to 2,000 and conductivity is around 2.17 x 10° S/m. Since the core material becomes
conductive, eddy currents are generated when it is placed in an alternating magnetic field.
The simulation indicates that the open circuit voltage is reduced to 5.9 mV compared with 7.6
mV when the conductivity is zero. Fig. 3.11(a) shows the eddy current density in the cross
section at the middle of a bow-tie coil with Ro;t =5 cm, Ry =1.5cm, h=14cmand L = 15
cm. At the edge of the core, the current density can be higher than 500 A/m?. These eddy

currents generate the magnetic field, which is against the external applied magnetic field.

Fig. 3.11 The eddy current density inside the core when = 2,000 and the conductivity ¢ = 2.17x10°S/m:

(a) The original core, (b) The core with air gaps

To reduce the eddy current, the shape factor k was studied. Analogous to the core lamination
used in the transformer, several air gaps have been introduced to the center rod as shown in
Fig. 3.12. The simulation result depicted in Fig. 3.11(b) shows that the average current
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density inside the core is now reduced to 52 A/m?. When more air gaps are introduced, the

eddy current can be further reduced.

air gap

e

magnetic field (a) &

’ ~——J |
eddy current path

Fig. 3.12 The air gaps inside the bow-tie core: (a) External view, (b) Cross section view from the middle of
the core
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Fig. 3.13 The complex open circuit voltage of the bow-tie coil as a function of the core conductivity when
the relative permeability is 2,000.

If only several air gaps are introduced, the eddy current is still significant. The material
conductivity is investigated and Fig. 3.13 plots the complex open circuit voltage of the bow-
tie coil as a function of the core conductivity. When the conductivity is zero, the open circuit
voltage only contains imaginary part which represents the voltage that can be coupled to the

load. When the conductivity increases from zero, the real part of the open circuit voltage
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appears caused by the eddy current losses inside the core, which is finally dissipated as heat.
As the conductivity further increases, the real part can be higher than the imaginary part,
which means most of the power is wasted in the core rather than delivered to the load. Thus

we should have the conductivity as small as possible.

3e-05
2.35¢05
1.83¢-05

1.42¢-05

Fig. 3.14 The eddy current density inside the core with the relative permeability of 2000 and the
conductivity of 0.35 S/m

To summarize, the correct core material should have two main properties:
1. Soft ferromagnetic material with relative permeability above 400;
2. Minimal conductivity.

A ferrite seems to be the most suitable material according to these requirements. Mn-Zn soft
ferrite could have relative permeability between 2,000 to 18,000 and ultra-low conductivity
below 0.5 S/m [26]. In comparison, the conductivity of nanocrystalline alloy is normally
higher than 7 x 10° S/m. When a ferrite is used as the core material, the current density
becomes several micro amperes per square meter in our case, as shown in Fig. 3.14. As a
consequence, the eddy current is reduced significantly and the majority of the energy can be

delivered to the load.
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3.2.3 Optimum Winding Method

Fig. 3.15 The physical dimensions of the bow-tie coil. Ry, and r is the outer and inner radius. dyie
indicates the diameter of the enameled wires wound on the core. L represents the length of the center rod

around which the wires are wrapped.

The bow-tie coil can be treated as a solenoid with length L and radius r, leaving the average
effective permeability u. ¢, unchanged because the wires are only wrapped around the middle

part of the core as shown in Fig. 3.15. The open circuit voltage can be obtained by applying

Faraday’s Law:

Veoir = Nmr? WlefrBex (3.10)

The equivalent coil resistance R can be divided into copper losses and core losses:

Reoi = Rcopper + Reore (3.11)
As the ferrite is selected as the core material, the core losses are considerably smaller

compared with the copper losses when the number of winding turns N is sufficiently large:

Rcoil = Rcopper (3-12)
There should be several layers of the enameled wire wrapped around the core as a large

number of winding turns are needed to acquire a high coil voltage.

Klayer =N/(L/dyire) (3.13)
The total length [,,;,.. of the enameled wire can be obtained as a function of the number of

turns N:
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r+r+K X d,,
Lyire = ( lazy er = WIreN )N (3.14)

Using Equations (2), (11) and (12), the copper resistance can be derived as:

Rcopper = 2nrNpyire + nNZdwirezpwire/L (3.15)

According to (10) and (15), the power delivered to the matched load can be obtained as:

4'pwireNdwirez> (3 16)

2
Pioga = Nﬂ:(rz Wlerr Bex) /<8rpwire + I
The power output is dependent upon the property of the enameled wires in addition to the
core shape and material. A higher winding number N could generate a higher voltage but
could also produce a larger copper resistance. The enameled wire with a larger diameter has
lower wire resistance but occupies more space. The properties of the enameled wire should be

fully investigated to boost the power output from the coil.
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Fig. 3.16 The power output as a function of the winding number

Firstly, the enameled wire with the fixed diameter of 0.14 mm and the wire resistance of 1.11
Q/m is wound on the ferrite core shown in Fig. 3.5(d). The power output is plotted in Fig.
3.16 as a function of the winding number, which indicates that the power output of the two

coils increases with the increment of the winding number. However, when the number of
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turns is extremely large, the power becomes saturated as there are too many layers on the core.
In this situation, each turn added on the core requires much longer wires and results in larger

resistance. In practical, it is impossible to wind 1,000,000 turns of enameled wire on such a

small core.
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Fig. 3.17 The power output of the bow-tie coil when different wires are used

Secondly, by giving a fixed space of 8 x 10*m?, the wires with different diameters [27] are
fully wound on the bow-tie core and their corresponding power output is plotted in Fig. 3.17.
As the diameter increases, the number of turns decreases due to the fixed space while the
power output does not change significantly. Therefore, the output power from the coil does
not depend on the type of the enameled wire used but depends on the volume that the
enameled wire occupies. From the financial point of view, the wire with a larger diameter is
preferred as its unit price is cheaper. From the power delivery point of view, the enameled
wire with a smaller diameter is better which can obtain a higher winding number and result in
a higher coil voltage. When the coil is connected to a rectifier circuit, high coil voltage could
lower the power dissipation on the rectifying diode, which increases the power transfer

efficiency.

In conclusion, to increase the output power from the energy harvesting system, thin wires are

preferred and the number of winding turns should be as large as possible.
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3.3 Measurement Results and Discussions

Fig. 3.18 (a) A Helmholtz coil used to generate a uniform magnetic flux density in the laboratory, (b) The

solenoid and the bow-tie coil made by ferrite with the given dimension

A Helmholtz coil (consisting of two identical coil rings) is made to generate a uniform
magnetic field to imitate the environment under overhead power lines. The diameter of each
coil ring is 1 meter with 33 turns of conducting wire on it and the two coil rings are separated
by half a meter. With a 120 mAs current passing through the Helmholtz coil, a magnetic
flux density of 7 LT ms is generated. A bow-tie coil and a solenoid with the same volume and
length are fabricated. The specimens and their dimensions are shown in the Fig. 3.18(b). Mn-
Zn ferrite [28] is used as the core material with relative permeability 2300 + 25% and
conductivity of 0.154 S/m. Two coils are put into the Helmholtz coil and their open circuit
voltages are measured using a multimeter. The results are compared against the simulated
ones as shown in Fig. 3.19. From the measurement results, the voltage of the bow-tie coil is
1.5 times of that of the solenoid. This validates the concepts discussed in the previous section.
It is noted that the simulation results are higher than the experiment values. This should be
mainly caused by the errors in the fabricated ferrite core. First, the relative permeability of
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the ferrite is in the range of 1700 to 2900 according to the datasheet [28], which may bring
some uncertainty into the experiment. Secondly, due to the special geometry of the bow-tie
coil, it is difficult and expensive to manufacture this whole ferrite core in one piece. Instead,
five pieces are fabricated and then glued together as shown in Fig. 3.20. Therefore, gaps may
exist in each contact surface. In this situation, the magnetic flux in the core and the effective
permeability are reduced because more energy is required to drive the same flux across the air
gap than through an equal volume of the ferrite [24]. As the air gap increases, the effective
permeability will be further reduced. When a 0.05 mm air gap is introduced, the simulation
results show that the average effective permeability decreases from 128 to 108 and its

Chapter 3: The Development of a Bow-tie Coil

corresponding coil voltages are close to the measured values.

Fig. 3.19 The measurement results of the open circuit voltage as a function of the winding numbers.
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The effective coil resistance can be measured by a 50 Hz bridge. The power output at the load
can be maximized by tuning the capacitor and the load resistance. In this situation, based on
the maximum power transfer theory, the effective coil resistance should be the same as the
load resistance. The copper resistance is measured with a multi-meter and results are included
in Table 3.2. They indicate the copper resistance dominates the effective coil resistance,
proving that the eddy current losses are minimized. The measurement results are then

compared to the theoretical values as shown in Fig. 3.21.

TABLE 3.2 The measurement results of the effective coil resistance

Coil Type Windings R-wire (kQ) R-coil (kQ)
Solenoid 8,000 1.69 1.70
Bow-tie Coil 8,000 1.09 1.2
Solenoid 24,000 5.28 5.25
Bow-tie Coil 24,000 3.72 3.66
Solenoid 40,000 8.63 8.78
Bow-tie Coil 40,000 5.95 6.03
9 , .
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Fig. 3.21. The copper resistance of the two coils as a function of the winding numbers.
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For the same winding numbers, the copper resistance of the bow-tie coil is smaller than that
of the solenoid. As for this novel bow-tie coil, the copper wire is wound around its middle
part where the radius is small. Hence, the same number of turns can be achieved with a short
enameled wire which results in a smaller copper resistance. The measured values are higher
than the theoretical values. Since the two coils are not wound by a fully automatic coil
winding machine due to the requirement of special fixtures. Therefore windings are not
perfectly aligned which causes a longer wire to achieve the same number of turns and results
in the difference between the measured and theoretical values. To wind 40,000 turns on the
bow-tie core shown in Fig. 3.18(b), in the ideal situation when the enameled wire is perfectly
aligned, the winding diameter shown in Fig. 3.22 would be 4.74 cm. However, the

measurement result is 5.5 cm which means a longer wire was used in practice.
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Fig. 3.22. The winding diameter of a bow-tie coil

When the air gap model is used to describe the coil voltage, the theoretical values align with
the experimental results. The measurement results indicate that the power output from the
bow-tie coil can be 2.5 times greater than the output from the conventional solenoid with
40,000 turns. In this case, the power density of the bow-tie coil is 1.86 pW/cm?® compared to

0.53 pW/cm?® from the solenoid when placed in a magnetic flux density of 7 LiTms

For a fixed space of 8 x 10 m?, three different enameled wires have been selected to fully
wind on the bow-tie core. Their parameters and output powers are shown in Table 3.3. As
expected, the output power does not change much for different wires although other

parameters are changed significantly in Table 3.3.
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Fig. 3.23 The power output of the two coils as a function of the winding numbers.

TABLE 3.3 The measurement results of the coil output with different wires

Wire Type 0.14 mm 0.49 mm 1.00 mm
Resistance (£2/m) 54.41 2.176 0.544
Number of turns 103,060 9,500 2,430

Coil voltage (Vrms) 8.36 0.730 0.181
Coil resistance (€2) 21500 160.2 10.1
Power (mW) 0.8127 0.831 0.811

From the experiment, 360 |.W was collected at the load by using the bow-tie coil with 40,000
turns, which might be enough to power a small wireless sensor [29]. To boost the power

output from the coil for energy hungry sensors, three methods have been considered:

1. To increase the length and the outer radius of the bow-tie coil to increase the effective

permeability.
2. To put the coil closer to the power line to increase the external magnetic flux density.

3. To increase the number of winding turns.
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If the length and the outer radius of the bow-tie coil can be made larger as shown in Fig. 3.24,
the average effective permeability can be increased from 128 to 615. If we wind 160,000
turns of enameled wires with the diameter of 0.14 mm on the core and place the coil 5 meters
above the ground where the magnetic flux density is typically around 11 T, in this situation,
the estimated output power is around 146.7 mW which gives the estimated power density of
103.5 pW/cm®. This value is comparable to a 30 cm =30 cm solar panel working during a

cloudy day [30], but the solar panel does not work at night unlike the proposed solution.

J\

decm 2cm decm

24 cm

40 cm

Fig. 3.24 The bow-tie coil with longer length and larger outer radius

Fig. 3.25. Installation of weather stations on a pylon. (a). on the top of the pylon. (b) on the anti-climbing

protective device

The power consumption of a typical weather station [31] and a GPRS data logger [32] is 36

mW and 3.6W respectively. If the weather station collects the data in every 30 minutes and

the data logger takes a maximum of 1 minute to transmit the information to the server, the

average power consumption would be 120 mW. The dynamic thermal rating [33, 34]

suggested the weather station should be installed either on top of the pylon or on the anti-
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climbing protective device as shown in Fig. 3.25 [33]. In both situations, the height to the
ground is larger than 5 meters. This means that the large bow-tie coil shown in Fig. 3.24 is

able to power the weather station and the data logger.

The bow-tie coil proposed in this thesis is compared with other recently reported designs.
Roscoe et al designed a 50 cm long solenoid with the diameter of 5 cm to collect the
magnetic field energy in a substation [23]. The power density of their coil was only 0.845
pW/em® when it was placed in a magnetic flux density of 18.5 pilms. If the bow-tie coil
designed in this thesis was placed in the same magnetic flux density with the same winding
number, the power density would be 13.0 pMW/cm?, which is 15 times more than their design.

In addition, their coil is longer and bigger than our bow-tie coil.
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3.4 Summary

In this chapter, a new and efficient harvesting coil to scavenge the magnetic field energy
under overhead power lines has been proposed and presented. The coil does not need to be
clamped to the power line and can be placed just above the ground, thus sensors with a larger
volume can be powered which is impossible for the conventional method of mounting the

energy harvester on the power lines.

A novel bow-tie coil has been introduced, designed and optimized to produce a much higher
power density (1.86 |W/cm®) than the conventional solenoid design (0.53 pW/cm?®). This was
based on the theoretical analysis and subsequently verified by the experiment measurements.
The special design of its geometric shape and a good selection of the core material have led
to much greater effective permeability and lower loss resistance. The core material was
selected specifically to eliminate eddy current losses. Ferrite was identified as the most
suitable core material, given its high relative permeability and ultra-low conductivity.
Different winding methods have been investigated. The results indicated that the power
collected by the coil was not only determined by the types of the enameled wire, but also
proportional to volume that the wire occupied. However, the wire with a smaller diameter can
have higher energy transfer efficiency. It was demonstrated that the power density of the
bow-tie coil designed in this thesis was 15 times greater than a recently reported result if both
coils were placed into the same magnetic field (our coil was smaller). Thus the proposed
solution is extremely efficient and flexible on harvesting energy under overhead power lines

and can be used to power a range of sensors.
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Chapter 4: The Development of a Helical Coil

4.1 Introduction

In Chapter 3, a bow-tie-shaped coil is proposed as a free-standing magnetic field energy
harvester [1]. Unlike the conventional cable-clamped energy harvester [2-6], a free-standing
coil can be installed in any place as long as there is an alternating magnetic field. As a result,
it can be used to power a wide range of monitoring sensors which are critical for many smart

grid applications [7-16].

In this chapter, a more efficient free-standing magnetic field energy harvester is proposed
where the path of the magnetic flux in its new helical core can be lengthened dramatically so
that the demagnetization factor is much reduced. Therefore, the magnetic flux density in the
core can be significantly increased and more power can be collected. The design details of
this energy harvester are presented in Section 4.2. In Section 4.3, the parameters of the helical
core are studied. In Section 4.4, the experiment evaluations of the proposed design are

presented. The discussions and conclusions are given in Section 4.5.
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4.2 The Design and Analysis of the Helical Coil

4.2.1 Optimum Core Shape Design

4—%-]‘ ————————————— LTSI g «
«——|N)-4------==-====2 7 TR «——
-(—@—'I ——————————— % ————————— O|e——
e — e 2

Fig. 4.1. The demagnetizing field Hy inside a ferromagnetic rod when applying an external magnetic field
Hex

As discussed in Chapter 2 and 3, the effective permeability u. ¢ is an important parameter

which can affect the induced voltage and the power output significantly. The power can be
reduced dramatically due to the demagnetization phenomenon as shown in Fig. 4.1: when a
ferromagnetic rod with a finite length is magnetized, the north and south poles are created at
two opposite sides, leading to the demagnetizing field H; . The demagnetizing field Hy

depends on the magnetization M inside the core and the demagnetization factor D,, [17].

Dy is solely determined by the core shape and the effective permeability u.rr can be
expressed:
_ Hr
Helf = T4 Dy — 1)

where u, is the relative permeability of the core material. Therefore, the core shape needs to

(4.2)

be optimized to reduce the demagnetization factor and increase the effective permeability.
The conventional method suggests that a thin and long rod could have a smaller

demagnetization factor [17].

d

where d is the diameter of the rod and I is the length. By making the rod longer (in other

words, making the path of the magnetic flux longer), the separation between the north pole
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and the south pole increases, leading to a smaller demagnetizing field. Nevertheless, a very
long and thin solenoid may not be the best solution as it occupies too much space because of

its length. Besides, a long and thin ferromagnetic rod is brittle and prone to damage.

Fig. 4.2. The demagnetizing field inside a bow-tie-shaped core when applying an external magnetic field

B: corematerial ~ 4m:magneticflux 88 : enameled wire

€ >
Helical width W,=8 cm

Fig. 4.3. The helical core proposed

In our preview work [1], a bow-tie shaped core has been proposed as shown in Fig. 4.2. By

making its two ends broader, the magnetic flux can be concentrated in the center. Thus the

effective permeability in middle part of the core can be increased. To further improve the

performance, a novel helical core is proposed as shown in Fig. 4.3. Two big circular plates at

both ends are used for the flux collection, which could guide more magnetic flux from the air

into to the ferromagnetic core. In the middle, a helical shaped core is proposed to increase the
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path of the magnetic flux while the physical length of the entirely core remains unchanged.
Therefore, the separation between the north pole and south pole is lengthened dramatically
which leads to a reduction in the demagnetizing field and an increase in the magnetic flux

density.

To validate this new design, four different coils depicted in Fig. 4.4 are compared in the same
uniform magnetic field generated by a Helmholtz coil. All of them have the following

configurations for easy comparisons:

1. The same physical length of 15 cm;

2. An ideal magnetic core material with the relative permeability u, and zero conductivity;
3. 100 turns of enameled wires wound on the core;

4. Placed in the same alternating magnetic field area (7 il ms at 50 Hz).

I : core material : enameled wire

(c) (d)

Fig. 4.4. (a) the conventional solenoid with diameter D, = 10 cm. (b) the bow-tie coil (c) the proposed coil

with 5 turns of helical slots in the core. (d) the proposed coil with 10 turns of helical slots in the core
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I (c) I I (d) I

Fig. 4.5. The magnetic flux density B;, inside the four cores (refer to Fig. 4.7) when the external magnetic

density of 7 T s is applied and the relative permeability is 10,000

Four cores are placed in a magnetic flux density of 7 LT ms which is normally achievable
around high voltage equipment [1, 15]. The conductivity of the ferromagnetic material is set
to zero intentionally to eliminate the eddy current losses, and the hysteresis effect is ignored.
Therefore, we can focus on the magnetic properties with different core shapes. CST software
is used as the simulation tool and the boundary condition is set to “open” to emulate the free
space environment. Fig. 4.5 shows the simulated magnetic flux density B, inside the four
cores when the relative permeability u, is assumed to be 10,000. Due to the demagnetization
phenomenon, the magnetic flux density is always higher in the center of the core. As clearly
depicted in Fig. 4.5, the flux density in the middle of the rod (0.16 mTys) and the bow-tie
core (1.0 mTys) is relative small. For the proposed core (c) with 5 turns of helical slots, the
flux density in the middle is around 2.0 mT,ys which doubles the value of the bow-tie core.
When 10 turns of helical slots are introduced to the core as shown in Fig. 4.5(d), the flux
density is enlarged to 3.2 mT,ys. This proves that by using the helical core to lengthen the
path of the magnetic flux, the demagnetizing field is reduced and the magnetic flux density
inside the core is greatly increased. If an enameled wire with a diameter of 0.14 mm is
wounded on the four cores for 100 turns, the voltages induced are plotted in Fig. 4.6 as a
function of the relative permeability u,.. When ,. is 100,000, the voltage for the helical coil
with 11 turns (d), bow-tie coil (b) and solenoid (a) are 69.6 mV, 7.94 mV and 8.98 mV
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respectively, which indicates the magnetic flux inside the new helical core can be much larger

than the conventional designs. In addition, the four curves become saturated as | increases.

For solenoid (a) and bow-tie coil (b), their knee points appear when y, approaches about 100.

In contrast, for helical coil (c), its knee point is around 7000 and the knee point for helical

coil (d) is even higher as the voltage still has the tendency to increase when u,. is larger than

100,000.

70
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Fig. 4.6. The open circuit voltage of four coils when an external magnetic density of 7 T s is applied
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Fig. 4.7. The power density of four coils when an external magnetic flux density of 7 il s is applied
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However, the power density from the coil depends not only on the induced voltage, but also
on the coil resistance and the coil volume. If an ideal core material (no loss) is used, the coil
resistance is solely determined by the wire resistance. For the 0.14 mm enameled wire, its
resistance is 1.11 Q/m. Using Equation (4.2), the coil resistance, the output power and the
power densities of the four coils are calculated and concluded in Table 4.1. As depicted in Fig.
4.7, when p, = 100,000, the power density of helical coil (d) is 223 nW/cm?® which is 20
times more than that of Bow-tie coil (b). As a result, the proposed helical core has
demonstrated a much better performance than previous designs due to the longer effective

path of the magnetic flux.

TABLE 4.1 The parameters of the four cores when u,. = 100,000 and N = 100

Core Type Solenoid (a) Bow-tie (b) Helical (c) Helical (d)
Open circuit voltage (MV ) 8.98 7.94 335 69.6
Path of magnetic flux (cm) 15.0 15.0 47.12 110.7
Wire resistance (£2) 34.87 6.97 20.0 20.0
Output power (W) 0.58 2.26 141 60.6
Core volume (cm?) 1178 189 273 273
Power density (nW/cm?®) 0.49 11.9 51.7 223

4.2.2 Core Material Selection

As shown in Fig. 4.7, the power density of the helical coil increases with the increment of the
relative permeability of the core material. However, it is also important to take the core losses
into considerations. In general conditions, the core losses can be divided into hysteresis losses
and eddy current losses. In this application, as the magnetic field is relative small and the
frequency is only at 50 Hz, the hysteresis losses can be ignored compared to the eddy current
losses. Thus, the core losses are mainly determined by eddy current losses. According to [17],

the equation used to calculate the power consumption of the eddy current losses is:
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S dBcore

—_ 2

where S is the cross section in m%; B,y is the magnetic flux density inside the core in T; p is
the material resistivity in Qm and k is the shape factor. When a helical core is placed inside
an alternating magnetic field with a fixed magnitude, the eddy current losses are inversely
proportional to the resistivity p. As a consequence, the core material should have high relative

permeability w, as well as high resistivity p.
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Fig. 4.8. The relative permeability and resistivity of several typical ferromagnetic materials

Fig. 4.8 shows the resistivity and relative permeability of some typical ferromagnetic
materials. Metals and alloys can have very high relative permeability but low resistivity
(usually in the magnitude of a few pQm [18]). Nanocrystalline usually is considered as a
popular ferromagnetic material due to its high relative permeability and high resistivity
among the alloys [1, 17]. Ferrite is a semiconductor material whose resistivity is extremely
high (usually in the unit of Qm). However, its relative permeability is usually lower than
18,000. In this thesis, three different materials listed in Table Il have been investigated to
optimize the power output. The helical coil with 100 winding turns shown in Fig. 4.4(d) is
selected as a testing example. CST is used to calculate the equivalent core resistance and the

results are listed in Table II. The nanocrystalline core has the largest core resistance of 87.3
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because of the highest permeability and the lowest resistivity. Strong eddy currents are
generated inside the core as shown in Fig. 4.9. Thus, its power output is greatly limited by the
eddy current losses, or in other words, the equivalent core resistance. On the contrary, the
core resistance of low loss ferrite is tiny (12.1 p€2) but its power output is still small due to its
low relative permeability. For the high p ferrite core, its core resistance is only 3.97 mQ
which is negligible compared with to the wire resistance 18.3 Q. Besides, as plotted in Fig.
4.9(d), the induced voltage becomes saturated when the relative permeability approaches to
15,000. The induced voltage of the nanocrystalline core (66.4 mV) is not significantly bigger
than that of high jferrite core (40.5 mV). As a result, the high pferrite core has the largest

power output, which indicates that it is the most suitable material for the proposed helical

core.
TABLE 4.2 The comparison of three different ferromagnetic materials

Material Type Low loss Ferrite High pFerrite Nanocrystalline
Reference [19] [20] [21]

Typical core types Cylindrical core Ring core, rod toroid, ‘D’ shape

Relative permeability 800 12,000 80,000

Resistivity (uQm) 108 5x105 1.3
Induced voltage (MVns) 5.15 40.5 66.4
Core resistance () 1.21x10-5 3.97%10-3 87.3
Wire resistance (Q) 18.3 18.3 18.3
Power output (W) 0.36 22.4 10.4
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Fig. 4.9. The eddy current density inside a nanocrystalline core
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4.3 Optimization of the Helical Coil

Air gap Pitch angle of helical slot & = 86
Core Thickness 1 mm degree
M:=10 mm l ,l,

T

Diameter
D,, =30 mm

€«— 2.5cm —><€ 8cm >€— 2.5¢cm —>
Stanchionlength L Helical width W, Stanchionlength L

Fig. 4.10. The cross section view of a helical core

. Ferrite Material Winding area

Fig. 4.11. The winding area of a helical core. (a) the cross section view, (b) the overall view from outside

As shown in Fig. 4.5 and Fig. 4.6, the helical coil with a longer path of the magnetic flux can
generate higher voltage. The path of the flux can be made longer by increasing the pitch angle
of the helical slot « and the helical width Wy shown in Fig. 4.10. However, the power output
from the harvesting coil also depends on the number of winding turns N and the wire
resistance R,,;-.. As shown in Fig. 4.11, the winding area for a helical core is limited. If the
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diameter Dj, and stanchion length Lg are small, there are less winding areas which reduce the
power output. Therefore, the shape of the helical core should be optimized to maximize the
output power density. The core shown in Fig. 4.10 is used as a reference and the following

three testing conditions are set for the optimizations.

1. The size of two big circular plates as shown in Fig. 4.3(a) is kept unchanged and the

physical length of the entire core is 15 cm long.

2. The high p ferrite material with ¢ = 12,000 and p = 0.5 Qm is used and the external

magnetic flux density is 7 il yms.

3. An enameled wire with a diameter d of 0.14 mm and the wire resistance p,, ;. of 1.11 Q/m

is used to wrap on the helical core with the winding area provided.

As the ferrite material is used, the eddy current can be greatly reduced and the overall coil
resistance is determined by the wire resistance. To calculate the wire resistance when the core

is fully wound, two situations should be considered.

1. When L > 0.5Dy,, the wire is fully occupied in the winding area shown in Fig. 4.14(a).

The total layer of the enameled wire K, ;4; 1S:

0.5D;,
Kiotar = T (4-5)

2. When L, < 0.5Dyy,, the wire is fully occupied in the winding area shown in Fig. 4.14(b).

The total layer K;,¢4; I1S:
Lg

Kiotar = d (4.6)

Therefore, the total number of turns N can be obtained:
Ktotal

N= Z (— d )
5 aresin (5 =37 =13a)

The total resistance of the wire can be calculated:

/A

4.7)
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Ktotal Ktotal

n(2Wy + 2M, + 8kd)
Ryire = Pwire Z Ly = pwire
k=1

(— 2 )
5 aresin (= gr=0)

where p,ire IS the wire resistance in Q/m and M, is the thickness of the core in meter. More

detailed derivations and explanations of Equations (4.5) to (4.8) can be found in Appendix.

(4.8)

4.3.1 The Pitch Angle a

When the pitch angle of the helical slot becomes bigger and other parameters are unchanged,
the path of the magnetic flux increases and the winding area is not affected. It is expected that
the power density increases with the increment of the pitch angle as shown in Fig. 4.12.
However, when the pitch angle is too big, the helical core will be very difficult to

manufacture and prone to damage especially for the ferrite material.

20

15

L

Pitch Angle = 88°

10

Power Density (uW/cm®)

I . I \j I

70 ' 75 80 85
Pitch Angle (degree)

Fig. 4.12. The output power density as a function of the pitch angle
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4.3.2 Helical Width Wy and Inner Diameter D;,

When the pitched angle is fixed, the path of the flux can be made longer by increasing the
helical width W}. However, the stanchion length Lg will decease as the physical length of the
core is limited to 15 cm. This will reduce the winding area shown in Fig. 4.11(b). As shown
in Fig. 4.13, the magnetic flux generated inside the core increases with the helical width. For
the number of turns N, it is constant when the helical width is small as the layer K;,;4; Of the
enameled wire is determined by the inner diameter D;,. When the helical width continues to
increase, the stanchion length L will be smaller than the inner radius D;,/2. In this situation,
the layer K,,:4; Of the wire is proportional to the stanchion length. Thus, the number of turns
drops down as the stanchion length decreases. The output power density of the coil is plotted
in Fig. 4.14 as a function of the helical width. The peak value appears when the stanchion
length Ly is equal to the inner radius Di,/2. In this case, both winding areas shown in Fig.
4.11(a) and (b) are fully utilized.
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Fig. 4.13. The magnetic flux and the number of turns as a function of the helical width W .
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Fig. 4.14. The power density as a function of the helical width W .

4.3.3 Core Thickness M¢
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Fig. 4.15. The magnetic flux density inside a helical core when M, =1 cm

By increasing the thickness M. of the core, more magnetic flux can pass through the core
which leads to a higher induced voltage. However, due to the special shape of the helical core,
the magnetic flux density inside the core is not uniformly distributed. By applying the
magnetic circuit theory [17], the majority of the magnetic flux tends to travel along the
shortest path where the magnetic reluctance is small. As shown in Fig. 4.15, the magnetic

flux density is larger when it is near to the inner edge of the helical core. Therefore, by
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making the core thicker, the total magnetic flux does not always increase correspondingly.
Nevertheless, the wire resistance and core volume are always directly related to the core
thickness. As depicted in Fig. 4.16, when the core thickness is relative small, the magnetic
flux and power density increase with the core thickness M. While the thickness is further
increased, the magnetic flux becomes saturated and the power density begins to decrease. For
the curve of the magnetic flux in Fig. 4.16, its knee point appears around 0.8 cm where the

helical coil produces the maximum power density.

T T T T T T T 20
o I
1.4 l--..\\ ___._...—-.—".’_'.'_'— 18
:}.r..,:"" L
] ; _ g . _ e
1.2 . /’/. RN L
= > £
g ] : / "/. : : LN - 14 O
3 e '\-\' =
> 10 - | 12 —
Z RS
= L ] L
% o0s8d [/ £
c . -8 —
=2 ] _ _ —e— Magnetic Flux ] g
= ’ —=— Power density L6 ©
0.6 - T o
L 4
04+ , . , . , . 2
0.0 05 1.0 15 20

Core Thickness (cm)

Fig. 4.16. The magnetic flux and power output as a function of the core thickness

In conclusion, to increase the power output from the helical coil, the path of the magnetic flux
should be made longer and the winding area needs to be fully utilized. The pitch angle of the
helical slot should be increased as big as possible which could significantly boost the power
output. When the stanchion length is equal to the inner radius D;,/2, the winding area inside
the helical core can be efficiently used and lead to a high power output. Finally, the core
thickness needs to be carefully optimized to achieve higher magnetic flux without making the

core too big.
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4.4 Experimental Validations and Discussions

Coil under test

|

Helmholtz = Helmholtz
coil coil

Fig. 4.17. A Helmholtz coil used to generate a uniform magnetic field in the laboratory

A Helmholtz coil as shown in Fig. 4.17 (consisting of two identical coil rings) is made to
generate a uniform magnetic field to imitate the magnetic field environment near high voltage

equipment. The magnetic flux density can be calculated [22]:

ZIMONI

H

B = (0.8)%/ (4.9)

where u, is the permeability of free space, N is the number of turns wound on the Helmholtz
coil; 1 is the current passing through the coil; Ry is the radius of the Helmholtz coil. In this
experiment, the radius of each coil ring is 0.5 meter with 33 turns of conducting wire on it
and the two coil rings are separated by half a meter. With a 120 mA,s current passing
through the Helmholtz coil, a magnetic flux density of 7 il IS generated. Due to the
complex shape of the helical core and the physical properties of the ferrite material, it is very
difficult and expensive to manufacture the whole core in one ferrite piece. Instead, five pieces
shown in Fig. 4.18 are fabricated separately and then glued together. For each helical piece, a
ferrite tube with a suitable size is fabricated and the helical slot is cut carefully by a special
grinding tool. The helical core manufactured is shown in Fig. 4.19. The stanchion length is
1.5 cm and equal to inner radius of the core so that the winding area inside the core can be
fully utilized. The pitch angle of the helical slot is 86 degrees. The core would be very fragile
and prone to damage if the angle is any higher. High permeability Mn-Zn ferrite [23] is used
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as the core material with relative permeability 12000 +30% and the resistivity of 0.15 Qm.

Enameled wire

+--->

¥ v

Helical core 1 Helical core 2 Helical core 3

Fig. 4.18. The manufacturing process of a helical core with five ferrite pieces

o
“.:‘l“ }
R ¥

Fig. 4.19. (a) the overview of the helical core. (b) the circular plate and the helical core with the enameled

wire

An enameled wire with a diameter of 0.4 mm and the wire resistance of 0.136 Q/m is used to
wind on the helical core. As the core is too long, it is very difficult to find a proper winding
machine to wrap the wire on the helical core automatically. Therefore, only 200 and 400 turns
of the wire is wound manually just to prove the proposed concept. The coil is put inside the
Helmholtz coil and the open circuit voltage is measured using a multimeter. The measured
voltage is listed in Table 111 and compared to the simulated values. The measured results are
slightly lower than the simulated ones which are mainly caused by the fabrication errors of
the ferrite core. Firstly, the relative permeability of the ferrite is in the range of 8400 to 15600
according to the datasheet [22], which may bring some uncertainty into the experiment.
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Secondly, as the whole helical core is made of five separated ferrite pieces, gaps may exist in

each contact surface which reduces the overall effective permeability.

TABLE 4.3 The measured and simulated results of coil voltage

The number of turns Simulated results (rms) Measured results (rms)
N =200 101.6 mV 91.5mV
N =400 203.1 mV 184.7 mV

TABLE 4.4 The measured and calculated results of the coil resistance

Number of turns R-wire (theory) R-wire (measured) R-coil (measured)
N =200 6.11 Q 6.85 Q 6.88 Q
N =400 12.54 Q 13.88 Q 13.96 Q

The effective coil resistance can be measured by a 50 Hz bridge. The power output at the load
can be maximized by tuning the compensating capacitor and the load resistance. According to
the maximum power transfer theory, the coil resistance should be the same as the load
resistance. The wire resistance is measured with a multi-meter and results are listed in Table
4.4. The measured wire resistance is about 10% higher than the theoretical value as the
enameled wire is manually wrapped and cannot be perfectly aligned. This causes a longer
wire to achieve the same number of turns and results in the difference between the measured
and theoretical values. The overall coil resistance measured at 50 Hz is very close to the wire

resistance, proving that the eddy current losses are minimized by using ferrite material.

TABLE 4.5 The measured and calculated results of power output

The number of turns Simulated results Measured results
N =200 0.42 mW 0.31 mW
N =400 0.83 mwW 0.61 mwW
N = 2000 3.96 mwW 2.86 mW (predicted)
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The helical coil with 400 turns can deliver a power output of 0.61 mW under the magnetic
flux density of 7 LT ms. When more winding can be added on the core, the more power output
from the coil can be achieved [1]. From Equation (9) and in the ideal case, the fabricated core
shown in Fig. 4.19 can wrap a maximum of 3310 turns of enameled wire (diameter d = 0.4
mm). However, due to the imperfect winding (e.g. wire misalignments), we conservatively
estimate that only 2000 turns of wire can be wound on the core. In this case, it can be
predicted that the coil voltage will increase to 910 mV as the induced voltage is linearly
proportional to the number of turns. According to Equations (9) and (10), when N = 2000, the
wire resistance is 66 Q. As a consequence, the predicted power output from the core is 2.86

mW when N = 2000.

TABLE 4.6 The comparison of different designs

The coil type Bow-tie coil [1] Solenoid [15] Helical coil N =400
Physical length 15cm 50 cm 15cm
Applied flux density 7 T s 18.5 Ml (s 7 T s
The number of turns 40,000 40,000 400
The wire diameter 0.14 mm Unknown 0.4 mm
Induced voltage 2.95 Vs 10. 5 Vims 185 MV s
Coil resistance 6.03 kQ 33 kQ 13.96 Q
Volume 188 cm® 981 cm® 292 cm®
Power output 360 W 833 uw 612 W
Power density 1.86 pW/cm? 0.85 pLw/ecm® 2.10 pw/em?

The measured power density for the helical coil with 400 turns is 2.1 pW/cm®at 7 pilyms. If
the number of turns can be increased to 2000, the predicted power output will be 7.9 pw/cm?.
Both values are lower than the simulated results (21 pW/cm?®at 7 pilims) Shown in Fig. 4.17.
This is mainly limited by the ferrite core fabrication and low number of winding turns. If a
specific injection mold can be invested, a helical core can be manufactured in one ferrite
piece and more helical slots can be cut compared to the fabricated core in Fig. 19(a).
Therefore, the measured output power can be inflated. Furthermore, by using a mold, the
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fabrication process can be simplified and the unit price of a helical core can be reduced
dramatically. If a proper coil winding machine can be found and utilized, more wires can be
efficiently wounded on the core which also leads to a higher power output. Despite of these
limitations, the measured power density is still better than previous reported designs
demonstrated in Table 4.6. If more wires can be wound on this helical core, the power density
will increase as shown in Fig. 4.20. When N = 2000, its predicted power density (9.8 pW/cm®)

is 4 times larger than that of the bow-tie coil [1] which was achieved with 40,000 turns of

wires.
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Fig. 4.20. The predicted power output as a function of the number of turns

From the experiment, 612 W was collected at the load by using the helical coil with 400
turns, which might be enough to power a small wireless sensor [24]. The power harvested can
be further increased to 2.86 mW if the coil can have 2000 turns of wires. However, the power
consumption of a GPRS data logger is 3.6 W [25]. If the data is collected in every 30 minutes
and the data logger takes a maximum of 1 minute to transmit the information to the server,
the average power consumption would be 120 mW. As a result, a larger helical core shown in
Fig. 4.21 is designed to collect more power. The physical length of the core is increased to
25 c¢cm so that the path of the magnetic flux can be further lengthened. Meanwhile, the outer
diameter D, of the big circular plate is enlarged to guide more flux passing through the

helical core. According to some previous research listed in Table VII, the magnetic flux
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densities under overhead lines or inside electric substations are usually larger than 11 piT .
If we can wind 8,000 turns of enameled wires with the diameter of 0.4 mm and place this coil
in a magnetic flux density of 11 T s, 160.5 mW can be harvested. This means that the large

helical coil shown in Fig. 4.21 is able to power a GPRS data logger when it is near high
voltage equipment.

Plate Thickness Core Thickness

M,=15cm M.=15¢cm

Outer Inner
Diameter Diameter
D,=20cm D, =6cm

€— 3 cm —>&— 1llcm —><— 3cm

Stanchion Helical Stanchion
length L width W, length L

Fig. 4.21. The cross section view of a larger and longer helical core

TABLE 4.7 The survey of magnetic field near high power equipment

Test environment Test conditions Magnetic flux density
ovleg;f\eka\g II}rZes ° meterlsmzbg\%gh;ground 11.0 iTrms [26]
overhend lires 3 meters o droun 11.3 | [26]
1lsukggt;rgidoonor Near hi22 (;/g\ll\t/?geh ;réa;ssformers 15 - 20 il yme [27]

150 kV outdoor
substation

345 kV outdoor
substation

Near high voltage transformers

Close to high voltage
circuit breakers

26 - 28 [T ms [28]

30 - 40 T s [29]
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4.6 Summary

In this chapter, a completely new design of a special coil has been proposed to scavenge the
magnetic field energy near high power equipment such as overhead lines, transformers,
switchgears, etc. The coil does not need to be clamped to the power cable and can be installed
almost anywhere in a substation or under overhead lines. It is highly efficient thus a range of
sensors can be powered which is not always possible for the cable-clamped energy harvester.

A novel helical core has been proposed and optimized to produce a much higher power
density compared to the conventional designs. This was based on the theoretical analysis and
subsequently verified by the experiment measurements. The special helical shape design has
dramatically lengthened the path of the magnetic flux, which reduced the demagnetization
and led to a higher power output. The core material was selected by compromising high
permeability and low eddy current losses. High permeability ferrite was identified as the most
suitable core material, given its high relative permeability and ultra-low conductivity. The
geometry shape of the helical core has been optimized to increase the path of the magnetic
flux and better utilize the winding area available inside the core. From the experimental
results, the power density of a helical coil with only 400 turns was already greater than a
recently reported result if both coils were placed into the same magnetic field. If the
fabricated coil can have 2000 turns of wire, the predicted power density (9.8 LW/cm?®) is 4
times larger than the previous designs with the same or larger size. Thus the proposed
solution is extremely efficient on harvesting the magnetic field energy near high voltage

equipment and can be used to power a range of wireless sensors.
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Chapter 5. Matching Circuit and Energy Management

Unit

5.1 Introduction

The energy harvesting technique is the enabling technology for the application of wireless
sensors to many industrial applications where the hard-wired power is not available, and the
battery cannot be frequently replaced due to the inaccessibility, the large amount of batteries
and the risk to personal safety [1]. The real-time data collected by self-powered wireless
sensors are the foundation of many smart grid applications. There are several ambient energy
sources near high voltage equipment including solar [2-3], wind [4-5], electric field [6-11]
and magnetic field [12-19]. As discussed in Section 1.2, a free-standing magnetic field energy
harvester is a good energy source to power wireless sensors due to a combination of the
reliability, flexibility, quick deployment and low price. In Chapters 3 and 4, two highly
efficient coils have been developed to collect the magnetic field energy at a matched load (a
compensating capacitor and a resistor). However, to utilize the harvested energy to power a
wireless sensor, a more complicated circuit system is required and the structure is

demonstrated in Fig. 5.1 and Fig. 5.2.
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Fig. 5.1. The circuit system of using a harvesting coil to charge an energy storage device
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First of all, a rectifier is needed to convert the AC signal from the harvesting coil into a DC
value. As the output voltage from a free-standing coil is relatively small, a Cockcroft-Walton
voltage multiplier can be applied to boost the output voltage and also provide full-wave
rectification [1, 12].

Secondly, a good matching circuit has to be developed by taking the nonlinear components in
to consideration (e.g. diodes, transistors, rechargeable batteries, charging capacitors, etc.).
Nina et al built an analytic model to calculate the optimum value of a resistive load connected
to a voltage doubler [1]. Nevertheless, in practice, the power harvested from the magnetic
field energy is not large enough to directly power a wireless sensor. A small energy storage
unit (ESU) (a rechargeable battery or a capacitor) should be applied as a buffer stage to store
the harvested energy for a certain period before powering a wireless sensor. Hence, a special
matching network should be designed to match the impedance of the ESU to the harvesting

coil so that the charging speed can be accelerated.
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Fig. 5.2. An energy storage device connected with an energy management unit and a wireless sensor

Finally, an energy management unit (also known as battery management unit) is needed as a
start-up circuit for the wireless sensor. It monitors the status of the energy storage unit. When
the energy accumulated in the ESU is higher than a threshold, the wireless sensor is

connected to the ESU via a DC-DC converter.
This chapter contains four parts:

1. In Section 5.2, the selection of the rectifier is discussed and the input resistance of a
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charging capacitor is investigated as a function of time.

2. In Section 5.3, a switch mode power converter is developed as a matching network to

accelerate the charging speed of a capacitor

3. An energy management unit with ultra-low power consumption is designed in Section

5.4 which includes an under voltage lockout and a DC-DC converter.

4. In Section 5.5, an experiment is conducted to power a commercial wireless sensor by
a bow-tie coil, a voltage doubler, a switch mode power converter and an energy

management unit.
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5.2 The Investigation of Input Impedance

5.2.1 Rectifier Design

There have been various types of rectifier topologies such as single-series diode rectifiers,
single-shunt diode rectifiers, voltage multipliers, and bridge type rectifiers. As discussed in
Chapter 2, a free-standing coil has a low output voltage due to the demagnetization and low
magnetic field strength. Thus, the output voltage must be boosted before it can be used to

power electronics.
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Fig. 5.3. Crockcroft-Walton voltage multiplier [20]

Crockcroft-Walton voltage multipliers (also known as voltage multipliers for short) employ
the charge pump principle to accumulate a DC voltage on capacitors from an AC voltage
source [1]. Schottky diodes are used as switches due to the low forward bias voltage. When
the input voltage from the coil is relatively small, many stages of multiplication can be
applied to boost the voltage to a desired level. However, the energy conversion efficiency
degrades as the number of stages increases due to the increased number of diodes. The
Crockcroft-Walton doubler (known as voltage doubler for simplicity) is an effective solution
by compromising the low input voltage and the energy conversion efficiency. It provides full-
wave rectification but uses less diodes (hence less energy losses) compared to a conventional
bridge rectifier. Fig. 5.4 shows a voltage doubler connected to a harvesting coil and a resistive

load. The capacitor C; connected in series of the coil has two functions:
1. Compensate the self-inductance of the harvesting coil

2. Act as the series capacitor in the voltage doubler
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In the negative clock cycle, the diode D; is turned off and the load is isolated from the
voltage source. Meanwhile, the diode D, is turned on and the capacitor C; is charged as
shown in Fig. 5.4 (a). In the positive clock cycle, D, is reserve-biased and the current flows
from the coil to the load resistor as shown in Fig. 5.4(b). As C; is already charged in the
negative clock cycle, the voltage added on the load is roughly doubled the value of the input
coil voltage [21]. The waveform of the voltage on the load resistor is plotted in Fig. 5.5 where
V, is the peak value of the coil voltage, Vi is the forward-bias voltage across the diode and the

smoothing capacitor Cs is ignored from the circuit.

L-coil R-coil Ti' + !
1
— TP AAN— |
1 D2
h 4
_ e
(@V‘““ - ——cs %R-Load
V] sine A D1 T
+
‘ (a)
L-coil R-coil
—AN || | ,
1%,

V-coil

/l/ sine A D1

— Cs R-Load

|
[
|

(b)

A
A

Fig. 5.4. The voltage doubler connected to a harvesting coil
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Fig. 5.5. The waveform of the voltage on the load resistor

5.2.2 The Input Impedance of a Resistive Load

Before designing a matching network, it is necessary to identify the source impedance
Zsource @nd calculate the input impedance Z;,, looking from the coil as shown in Fig. 5.6. The

source impedance can be easily expressed at the frequency domain by:

Zsource = Reout + JWLeoi (5.1)
where R,,;; IS the effective coil resistance at the power frequency (50/60 Hz), L,;; is the coil

inductance in the unit of H and w is the angular frequency in rad/s.

Harvesting coil E i Load i

i c1 ! !

L-coil R-coil : ” | : VL :
WA ST i
| Zin : !

@ voeol i Ao i ——ecs % R-Load |

Fig. 5.6. The input impedance looking from the harvesting coil
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The input impedance depends not only on the circuit topology but also on how the circuit is
operated. In this section, a typical resistive load in parallel with a smoothing capacitor is
analyzed and the circuit diagram is plotted in Fig. 5.6. Due to the present of the diode Dy, in
the ideal case, no current can flow from the load back to the harvesting coil. Thus, the
imaginary-part of the input impedance is purely determined by the capacitor C; in the voltage
doubler:
1

img(Zin) = ot (5.2)
In the steady stage, the capacitor Cs is only used for voltage smoothing and does not consume
any real energy. The real-part of the input impedance (input resistance) is a function of the
diode characteristics and the load resistor Rjoaq. If there is a voltage Vi, (rms) applied to the

voltage doubler, the voltage on the load resistor Vigaq (rms) is roughly:

Vicaa = 2Vin — 2Vf (53)
where V; is the forward bias voltage of the diode. The power on the load resistor can be
derived by applying Ohm’s law:

(2Vin — 2V)?  4(Vi)®

Rload Rload

(5.4)

load =

By using the Schottky diode, the forward bias voltage V; can be easily reduced to 0.32 V [22].
When the input coil voltage V;,, is much bigger than 0.32 V, V; can be ignored from Equation
(5.4). The total power delivered to the voltage doubler can be expressed by:

Vin2

Py, = R = Pioaa + 2Pgiode = Pioaa (5-5)
in

where Py;0q4 is the power losses of the diode. As the Schottky diode has a low V¢, Pyipqe IS

normally ignored compared to the power delivered to the load resistor. Combining Equations

(5.4) and (5.5), the input resistance R;, can be calculated:

2
_ Vin - Rload
Pload 4

Rin (5.6)

The input impedance looking from the coil can be obtained by:
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Rload + 1

L =
m 4 jwC,

(5.7)

To validate this derivation, Advanced Design System (ADS) is used as a simulation tool. The
input coil voltage V;, is set to 10 Vs and a Schottky diode with a forward bias voltage V; of
0.32 V is used [22]. Therefore, V;,, is much bigger than V;. The coil inductance L,;; is set to
1000 H and the capacitor C; is configured to 101 nF so that L.,;; and C, are resonant at 50 Hz.
A power meter is added in series of the load resistor R;,,; t0 measure the power
consumption Pj,,4. Finally, R;,,4 iS Optimized by the software to maximize P;,,4 and the
optimization results are listed in Table 5.1. When the load resistance R;,,q IS roughly four
times as big as the coil resistance R,;;, maximum energy can be transferred from the coil into

the load resistor, which proves Equation (5.6) is indeed correct.

Table 5.1: The optimized load resistance as a function of the coil resistance

Energy conversion

Reou (KQ) Py, (MW) Optimized Ryqq (KS2) Ripaa/Reoun efficiency
5 5 20.92 4.18 92.6%
10 2.5 41.85 4.18 92.5%
15 1.67 62.42 4.16 92.3%
20 1.25 83.74 4.19 91.9%
25 1 105.2 4.20 90.9%
30 0.83 125.03 4.17 89.3%
35 0.71 142.92 4.08 87.6%

5.2.3 The Input Impedance of a Charging Capacitor

In general cases, the power harvested from the magnetic field is only around several
milliwatts or even smaller [1, 19]. The typical energy consumption of a wireless sensor is
around hundred milliwatts when it is transmitting data via the wireless link [23]. As a result,
the energy harvested from the coil should be accumulated in an energy storage unit first
before powering a wireless device. Capacitors and rechargeable batteries are the common
energy storage devices. The capacitor has a longer lifetime compared to the rechargeable
battery in terms of charge cycles and can operate under a wide range of temperatures [24].
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The capacitor has a disadvantage of a smaller energy density compare to the rechargeable
battery. However, only one or two Joule energy is big enough for most of small wireless
sensors to sense the data and transmit to the receiver [23]. Therefore, a capacitor is a suitable

choice for the application of self-powered wireless sensors.

1 ! ] 1
| Harvesting coil ! i Load !
1 ! ] 1
l L-coil R-coil | T; : % I
L — A » L |
i ro 0y | :
! - i
! | Zin !
LA Veco |
i @ :i'ﬁ:" i —+ ——— C-store ReLeak|
: i i
i ! [
i ! [
i ! [
I ! 1
I ! 1
1 H :

Fig. 5.7. A charging capacitor and a leakage resistance connected to the voltage doubler

Fig 5.7 shows a storage capacitor is charged by a harvesting coil via a voltage doubler.
Although the circuit topology is exactly the same as the circuit in Fig 5.6, they work in totally
different ways. The capacitor Cgqore in Fig 5.7 is an energy storage device compared to the
smoothing capacitor Cs in Fig. 5.6. During the charging process, the energy management unit
is turned off and the wireless sensor is in sleep mode. The leakage resistor Riea in Fig 5.7 is
used to model the leakage current in energy management unit as well as the wireless sensor.
The main difference between the two circuits is the energy flow. To charge a capacitor,
obviously the majority of the energy should flow into Csore While the leakage resistance Rjeax
should be maximized to reduce the energy losses. For a resistive load in Fig 5.6, ideally all
the energy should be consumed by the load resistor Rjpaq and the smoothing capacitor Cs is

only used as a voltage regulator.

As the circuit for charging a capacitor works differently from a resistive load with a
smoothing capacitor, a new method is investigated to determine the input resistance looking
from the coil. The frequency domain analysis is not valid for this problem because the
voltage of the storage capacitor Cgyre is always a function of the time. Therefore, the transient
analysis is applied to calculate the voltage of the capacitor Cgore and the input resistance Rj,
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as a function of time. To simplify the circuit mode, the harvesting coil with a voltage doubler
can be approximately equivalent to a voltage source Vs in series of a resistor Rs and a diode D
shown in Fig. 5.8. The new voltage source Vs and the source resistance Rs can be expressed
by:

Vs = 2Veoi — Vy = Asin(wt) (5.8)
Rs = Reour (5.9)

c1
L-coil R-coil | Rs = Repil

i P NW—Pt—

A1 2Vei— Vg #
V('oil' A D1

simplified Ve=2V, it — Vf
W
(a) (b)
Fig. 5.8. The simplified circuits of a harvesting coil with a voltage doubler
Vy
Rs —
|
l\/\/\( ’I N

D

Vs Ve | —d—

olne ——— C-store R-Leak

Asin(wt)

Fig. 5.9. The equivalent half-wave rectifier connected with a storage capacitor and a leakage resistor

The completed equivalent circuit is shown in Fig. 5.9 and the voltage source is a 50 Hz sine
wave with the amplitude of A. To further reduce the complexity of the calculation, the diode
in this circuit is treated as an ideal one with a fixed turn-on voltage V and its reverse current
is totally ignored. For the transient analysis, the initial state of the circuit is of great
importance and should be clearly declared. When the time is O second, the voltage on the

storage capacitor is zero. The whole transient analysis can be divided into three different
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periods: the circuit initialization period, the capacitor charging period and the capacitor
discharging period.

A. The circuit initialization period

A

I No energy in capacitor
I Capacitorcharging
I capacitordischarging

>

T

Fig. 5.10. The circuit initialization period

The initialization period starts from 0 second and no current flows in the circuit as the diode
is in the reverse bias. The storage capacitor C,. IS neither charged nor discharged and its
voltage is still 0 V. This period ends at the time t, when the source voltage V; equal to the
diode forward bias V.
%
arcsin (%)

ty=——"% (0<t<T) (5.10)

The time t, therefore becomes the initial conditions for the next transient state analysis.
B. The capacitor charging period

When the source voltage V; is higher than the voltage of the capacitor V. plus the diode turn-
on voltage V¢, the capacitor starts to charge and its voltage goes up. According to the

Kirchhoff’s Voltage Law (KVL), the equation below can be derived:
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v, V. o
Ve + Vs + | Cstore = + 5—— | Rs — Asin(wt) = 0 (5.11)
dt RLeak

Where I is the voltage of the storage capacitor, C,:.re 1S the value of the storage capacitor in

F, t is the time in the unit of seconds, R, is the source resistance in Q, A is the amplitude of

the voltage source and w is the frequency in the unit of rad/s.

A

I No energy in capacitor
I Capacitorcharging
B cCapacitordischarging

. T
-A
Fig. 5.11. The capacitor charging period
By rearranging Equation (5.11):
Ve s o
RiCstore——+ |1+ V. = Asin(wt) — Vg (5.12)
dt RLeak
Assuming the time constant 7 = R;Cs;pre anda = 1 + Bs , it becomes a first order ordinary
Leak
differential equation:
dVe .
T——+ al, = Asin(wt) — V¢ (5.13)

dt
By solving this equation, V. can be expressed as the function of time t:

a(to—t)
A a . e T a .
Ve=——— (— sin wt — wcoswt) - Vi—A—5—— (— sin wty — wcoswto)

a 2. \T a 2, T

— 4+ w?t — 4+ w*T

T T

Vf a(to—t)
+ (Ve T (to <t <t (5.14)
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to is the time when the capacitor begins to charge and Vj is the voltage of the capacitor at the
time t,. The charging period stops at the time t, when the voltage of the capacitor V. equals to

the source voltage V; minus the diode forward bias V; .

Ve = Asinwts =V, (0<t; <T) (5.15)
. (Ve t Vs
arcsm( Y )
ts = " 0<t;<T) (5.16)

The time t, and its instantaneous voltage of the capacitor V, become the initial conditions for

the next transient state analysis.

C. The capacitor discharging period

I No energy in capacitor

A
B Capacitorcharging
B Capacitordischarging
VO ssxdessagEssssmsssEEaEsaEEEEEEEEEEEEEREEEEREE R
0 to T
-A

Fig. 5.12. The capacitor discharging period |
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B No energy in capacitor

B Capacitor charging
B capacitor discharging

ZT’

Fig. 5.13. The capacitor discharging period 11

When the charging period is finished and the diode is in the reverse-bias, the storage

capacitor Cq;,,. IS totally isolated from the voltage source. In this case, the circuit becomes a

classic RC discharge problem. By applying the Kirchhoff’s Voltage Law (KVL) again, the

equation below can be derived:

av;
Ve + RieaCstore E =0

Rearrange the equation:

jf 1 Ve q
— | ———dt = J —dV,
to RLeak Cstore Vo Vc ¢

V. can be derived as a function of time t by:

Vc — VO e(to_t)/(RLeasztore) (tO <t< ts)

(5.17)

(5.18)

(5.19)

The discharging continuous until the input source voltage V; equals to the capacitor voltage V.

plus the diode forward bias V. ¢, is the time when the capacitor stops discharging and can be

calculated as follow:

Asin(wts) =V + V¢ (T <t. < 2T)
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arcsin( Y
ty =

n+w)

w

The time t, and its instantaneous capacitor voltage V. become the initial conditions for the
next transient state analysis. In the next stage, the diode is turned on and the capacitor begins
to charge again. The transient analysis for the capacitor charging derived in the previous
section can be applied again. The charging and discharging cycle takes place by turn until the
circuit reaches to its steady state. Under this condition, in each clock cycle, the energy

delivered from the voltage source to the capacitor should be the same of the energy that the

capacitor discharges to the leakage resistor.

From Equation (5.10) to Equation (5.21), the voltage on the storage capacitor V. is derived as

a function of time and an example is plotted in Fig. 5.14. The theoretical results agree well

with the simulated ones from ADS.

(T <t, <2T)

1.0
theoratical results

0.8 | weeeeeee simulated results
S --—- sine wave
—
S 064
.g i

-~
& 04- VAR
& 7
© 1/ :
= 024
c . \
(@] 1y .
© ; \
> 0.0 )
S Charging v Discharging - Charging
> 02- \ :
\. Fd
\ i
'0.4 - =\ ‘/
"\ ‘/
T T T T T T T T T I '
0.000 0.005 0.010 0.015 0.020 0.025
time (s)

Fig. 5.14. The voltage on the storage capacitor as a function of time when A=5V, R, = 6 kQ, C4;pre = 10

LF, Vf =0.32Vand Rleak =500 kQ

Based on the equations derived above, the current I;(t) flowing out of the voltage source can

be obtained:
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Ve(©) = V; = Ve(t) _ Asin(wt) = Vs = V(0)
R - R
Therefore, the input resistance R;,, looking from the voltage source is also a function of time

I,(t) = (5.22)

and can be calculated by:

_Ve@®+Vr (Ve + Vp)Rs
Rin(6) = I(6)  Asin(wt) = V.(t) — V; (623)
stsg V;=0.32V
AMA—P
é D
Rin

@ \s’lie e — C-store % R-Leak
—/ 50 Hz 10 mF 500 kQ

V= 5sin(wt)

Fig. 5.15. The circuit configuration for the investigation of the input resistance

To explore how the input resistance R;;,, changes with time t, a case study is conducted and
the circuit configuration is shown in Fig. 5.15. The storage capacitor is set to a large value
(10 mF) intentionally so that in each clock cycle the voltage of the capacitor does not change
significantly. The input resistance R;, in the first clock cycle is plotted in Fig. 5.16. During
the charging process, the input resistance varies significantly from 410 Q to more than 12 kQ.
At the time when the capacitor begins to charge or finishes charging (V; = V. + V), the input
resistance R;, becomes infinitely large as almost no current can flow into the storage
capacitor. However, when the source voltage V; reaches to its peak value (t = 5 ms), the
voltage difference between V; and V. is maximized and therefore the input resistance has its
minimum value R, in this clock cycle. At this specific time (t=5ms in this case),
maximum energy can be transferred from the source to the storage capacitor. To accelerate
the charging speed, the source resistance R, should be matched to R, in each clock cycle
during the charging time. In Fig. 5.17, the minimum input resistance R,,, in each clock cycle
is plotted and the charging time is configured to 10 minutes. As the voltage of the capacitor

continues to go up, R,, increases from 410 Q to 31.6 kQ.

Page |131



Chapter 5: Matching Circuit and Energy Management Unit

14 : .: T T : £
i [ \ —— Input resistance | -4
"».\ ------3ource voltage -
= 10 ,,; \“ Lo <=
o 8l Y | o>
e | \ | &
E 6 4 \\ : ;’ >
7 ; ‘ r
= N V23
a2 ? £
~.
\\‘*«-"‘f .
0 , - : T I : 6
0.000 0.005 0.010 0.015 0.020
time (s)
Fig. 5.16. The input resistance in the first clock cycle
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Fig. 5.17. The minimum input resistance in each clock cycle as a function of time

Furthermore, according to Equation (5.23), the input resistance is not only a function of time
but also depends on the amplitude of the source voltage A. As the magnetic field applied to

the harvesting coil may varies from time to time, the amplitude of the coil voltage will

Page |132



Chapter 5: Matching Circuit and Energy Management Unit

change correspondingly. We assume that at a specific time, the capacitor has a voltage of V,
and the source voltage has amplitude of A. The instantaneous input resistance is plotted in Fig.
5.18 as a function of the amplitude. It can be concluded that the input impedance of a

charging capacitor is determined by the coil voltage as well as the voltage of the capacitor.

Input resistance (kQ)

5.0 I 7.5 I 10|.0 I 12|.5 I 15|.0 I 17.5 I 20.0
Amplitude of the source voltage (V)

Fig. 5.18. The input resistance as a function of the input and output voltage
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5.3 Matching Circuit Design of a Charging Capacitor

A transient analysis has been conducted in Section 5.2 to investigate the input resistance of a
charging capacitor as a function of time. It can be concluded that the input resistance varies
significantly with the voltage of the charging capacitor as well as the coil voltage. Therefore,
it is extremely difficult to use conventional linear components to design a proper matching
circuit as the inductance and the capacitance is only a function of the frequency. A more
advanced matching network consisted of nonlinear components (e.g. switches, diodes,

transistors, etc.) may be required to tackle this problem.

Switched mode power converters are used in Kkinetic energy harvesters to provide voltage
boosting and rectification [25-28]. The current flow in a circuit can be properly controlled by
varying the gate signal applied on the switch. A similar idea can be applied to design a power
converter as a matching network which is able to emulate a constant input resistance
regardless of the input and output voltages. The proposed circuit topology is shown in Fig.
5.18. The storage capacitor C,;,. Can be totally isolated from the voltage source by the
switch mode power converter. As the storage capacitor is not directly connected to the
voltage source, the input resistance can be independent of the input and output voltages if a
proper power converter is designed.

Equivalent Source Matching Network Energy Storage Unit
R prm
y | Vin Vc
ANN—P
D1
—_—
Y4

+ Vs in
N\, ) sine —— C-store R-Leak
—/ 50Hz

Fig. 5.18. The circuit topology of a switched mode matching network

The power converter consists of a capacitor Cp,,f, a switch SW, an inductor L and a Schottky

diode D,. The switch is the key component and controlled by a power width modulation
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(PWM) with a switching frequency of f;,, and a duty cycle of Dy,,. The switching frequency
fsw 1S usually in the order of kHz which is hundred times higher than the power frequency
(50/60 Hz). The inductor L is used as a temporary energy storage medium to collect the
energy from the voltage source and discharge to the storage capacitor. The capacitor Cp,sf
acts as a voltage regulator and ideally does not consume real energy. The working principle of
this power converter is illustrated in Fig. 5. 19 and Fig. 5.20

Rs T D2

— — C-store R-Leak

&
e )

A

Fig. 5.19. The current flow during the ON time of the switching period

AP o1 i

Sw

( A A

Y
4\ Vs b=
/\/ sine —— C-buff L —— C-store R-Leak
—/ 50 Hz &

A A
Y

Fig. 5.20. The current flow during the OFF time of the switching period

During the ON time of the switching period, the diode D, is in the reverse bias and the
storage capacitor Cg:,re IS isolated from the voltage source. The inductor L is charged by the

voltage source as shown in Fig. 5.19. The current in the inductor can be correlated to the time

by:

dl,
Vin =1L E (524)

where I, is the current in the inductor in the unit of amperes. The capacitor Cp,zf is
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configured to a relatively big value (in the order of F) so that, in each switching period, the
input voltage V;,, can be treated as a constant. Thus, the current I, is linearly proportional to
the time t as shown in Fig. 5.21 and the slope k,,,, can be calculated by:

e P (5.25)
Suppose that at the beginning of every switching period, the current in the inductor I is
always zero. At the time when the switch is about to be turned OFF, the inductor can have a

maximum current I qy:

V..Dg,,T.
Ipeak = kustwTsw = W (5.26)

Ipeak

v

Vpwm

ON OFF ON OFF ON OFF

v

sSw

Fig. 5.21. The current flow during the ON time of the switching period

During the OFF time of the switching period, the inductor is isolated from the voltage source
and carries an initial current of I,.,,. Due to the natural property of an inductor, its current

continues to flow in its previous direction so that the storage capacitor can be charged. Fig.
5.20 shows the current flow in the circuit when the switch is turned off. The voltage of the

storage capacitor V. can be derived by:
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V. = LdIL 5.27

The slope of the inductor discharging k4, Can be obtained by:

ky = — L _ Ve 2
down = =5 =TT (5.28)

The time interval t; shown in Fig. 5.21 is the total time that all the current in the inductor is

fully discharged to the storage capacitor. t; can be calculated by:

I Lyear L
t, = peak _ peak (5.29)
kdown Vc

By selecting a suitable value for the inductor L, the switching period T, and the duty cycle

Dy,,, the time interval t, can be smaller than the OFF time of the switching period (1 —
D, )Ts,, and the power converter is operated in discontinues conduction mode (DCM). In
other words, during the OFF time of the switching period, all the current in the inductor can
be fully discharged. Therefore, in the beginning of every ON time, the current in the inductor
I, is always zero as shown in Fig. 5.21. As a result, in each switching period, the average

current I,,, flowing out of the voltage source can be calculated by:

-— IpeaszwTsw VinDsszsw

= = 5.30
mn ZTSW 2L ( )
The emulated input resistance R,,, looking into the power converter is defined as:
W 2L
Rp=—m=—+— (5.31)

Iin  Dew’Tew
It is noted that the resistance emulated by the power converter can be assumed as a constant if
the switching frequency and the duty cycle are kept unchanged. By using a correct
combination of the inductor L, the switching frequency f;, and the duty cycle Dy, , the
emulated input resistance R,,, can be matched to the source resistance so that maximum

energy can be delivered from the harvesting coil to the storage capacitor.
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5.4 Energy Management Unit

By using a switch mode power converted, the energy conversion efficiency from the coil to
the storage capacitor can be increased. However, the energy stored in the capacitor cannot be
directly used to power a wireless sensor as the supply voltage of a sensor is always a fixed
value. Therefore, an energy management unit shown in Fig. 5.22 is required to monitor the
energy in the storage capacitor [29], protect the components from overload and provide a

stable voltage output to the wireless sensor.

Energy Under Voltage Lock-Out
Storage i DC-DC Converter
DMP2012 |
lil + IN ouT
I : GND
R3 :
15.8 MQ 1ma !
R1 !
S WA :
il i
— cetore n | Wireless
p— L, !
ol LTC1540 | Sensor

R2 RS
750 kQ 100 kQ

Vref

e
H BS170

Fig. 5.22. The circuit diagram of an energy management unit

A Zener diode is connected in parallel to the storage capacitor to prevent the voltage overload.
An under voltage lock-out (UVLO) is designed to monitor the voltage on the storage
capacitor V. Once V, is higher than the upper threshold voltage V,,, of the UVLO, the storage
capacitor is connected to a wireless sensor via a DC-DC converter. As the energy is
consumed by the sensor, the capacitor voltage V. starts to decrease. While V. is smaller than
the lower threshold voltage V;,,, of the UVLO, the storage capacitor is disconnected from the
DC-DC converter and can be charged again by the harvesting coil. The working principle of
the under voltage lock-out is discussed in [29]. The total energy E. that the storage capacitor
can discharge to the wireless sensor is determined by the threshold voltage V;,,, and Vi, of

the UVLO. E, can be calculated as follows:

1 1
Ec=5 CVp” — Ecvlow2 (5.32)

Page |138



Chapter 5: Matching Circuit and Energy Management Unit

It is assumed that E,.,so IS the minimum energy that the wireless sensor is required to
operate and transmit the information to the receiver. Obviously, E. should be higher than

Egensor PlUs the energy losses Ej, s in the energy management unit.

Ec = Esensor + Eloss (5-33)
A DC-DC converter needs to be carefully selected in terms of the energy conversion

efficiency, the input voltage range and the output voltage range.
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5.5 Experimental Results and Discussions

Harvesting Coil E Rectifier E E Matching Circuit E E Energy Storage Unit i
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Fig. 5.23. The circuit diagram that transfers the energy from the coil into the storage capacitor

The circuit diagram implemented in the lab is shown in Fig. 5.23 which includes a harvesting
coil, a voltage doubler, a matching circuit (switch mode power converter) and an energy
storage unit. The bow-tie coil shown in Fig. 3.18 is used as a testing coil due to its high
output voltage. It is placed in an area where the magnetic flux density is around 7 il s and
the coil properties are summarized in Table 5.2. The Schottky diode BAT54 is used in the
circuit due to its low forward bias voltage, small reverse current and high breakdown voltage
[31]. The MOSFET Si2356DS is used as a switch in the power converter and is driven by a
PWM from an arbitrary waveform generator [32]. A 13.6 mF electrolytic capacitor is selected
as the energy storage unit as it is cheap and widely available on the market. The resistor Rjoqx
represents the leakage current in the energy management unit during the capacitor charging

process.

The harvesting coil has a self-inductance of 3550 H and a compensating capacitor of 20.8 nF
is added to make the circuit resonant at 50 Hz. As the harvesting coil has an effective coil
resistance of 21.5 kQ and according to Equation (5.6) derived in Section 5.2, the input
resistance should be four times as large as the coil resistance to achieve the maximum energy
conversion efficiency. Therefore, the emulated input resistance looking into the power

converter should be designed around 86 kQ. The configuration of the switch mode power
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converter is summarized in Table 5.3, which gives an emulated input resistance of 82.5 kQ.

Table 5.2: The properties of the bow-tie coil inside a magnetic field of 7 T s

Parameters Values
Coil Voltage 7.45 Vs
Number of turns 103,000
Effective coil resistance 21.5 kQ
Coil inductance 3550 H
Output power 0.64 mW

Table 5.3: The configuration of the switch mode power converter

Parameters Values

Inductance 33 mH

Period of PWM 0.5ms
Duty cycle of PWM 4%

Emulated input resistance 82.5 kQ

Fig. 5.24 shows the circuit diagram of the energy management unit. A commercial wireless
sensor provided by the Invisible-Systems Ltd [33] is chosen for laboratory trials. This module
requires an average power of 0.72 W (0.2 A at 3.6 V) during its active operation. It takes
about 400 ms to sense a temperature reading and transmit to a receiver, which gives an

overall energy requirement of 288 mJ for a single operation. The threshold voltage V;,,, and

V0w Of the under voltage lock-out is set to 10.5 V and 7.7 V respectively. Thus, the energy
that can be delivered to the wireless sensor is around 346 mJ which is larger than the energy
required by the wireless sensor. LTC1540 from Linear Technology [34] is selected as the
comparator in the UVLO due to its low power consumption and a wide range of supply

voltage (2 V to 11 V). A step-down DC-DC converter MAX15020 is used to regulate the
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voltage of the storage capacitor and provide a stable 3.6 V output to the wireless sensor. It has

several advantages such as high energy conversion efficiency up to 96%, low power

consumption in shutdown mode and a wide input range from 7.5V to 40 V.
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Fig. 5.24. The circuit diagram that transfers the energy from the storage capacitor to a wireless sensor

Transmitter
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Led Indicator

Fig. 5.25. The wireless sensor and receiver used for the experiment

Fig. 5.26 shows the measured voltage of the storage capacitor as a function of time. Before

the charging process, the storage capacitor has an initial voltage of 7.7 V. When the coil is

placed in an alternating magnetic flux density of 7 s, the storage capacitor begins to

charge and its voltage increases gradually. After 12 minutes and 12 seconds, the voltage of

the capacitor reaches to 10.52 V and the under voltage lock-out is turned on. The wireless

sensor is powered by the storage capacitor via a DC-DC converter. As the energy is quickly
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drained by the sensor, the voltage of the capacitor decreased dramatically. When the voltage
is lower than 7.7 V, the UVLO is turned off. And the storage capacitor can be charged again

for the next operation.
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Fig. 5.26. The measured voltage of the storage capacitor as a function of time

During the charging period, 349 mJ energy is delivered from the coil to the storage capacitor.
The harvesting coil is able to generate a maximum power of 0.64 mW if it is connected to a

perfectly matched load. The energy conversion efficiency nj can be calculated by:

P, XT,

n (5.34)

where E. is the energy stored in the capacitor, B,, is the power that delivered to a perfectly
matched load and T, is the total charging time. In roughly 12.5 minutes (the total charging
time,), 468 mJ can be collected at a matched load. As a result, the energy conversion
efficiency from the harvesting coil to the storage capacitor is about 74.6 %. The energy
losses are mainly caused by the diode losses and the leakage current in the energy
management unit. Nevertheless, the achieved efficiency is much higher than a previous
reported design which only has the efficiency of 36 % [12].

Page |143



Chapter 5: Matching Circuit and Energy Management Unit

5.5 Summary

In this chapter, a completed impedance matching circuit and management system has been
proposed and designed to transfer the energy from the harvesting coil to a storage capacitor
efficiently. It has been demonstrated that a commercial wireless sensor could be powered up

by the magnetic field energy collected from the harvesting coil.

A voltage doubler has been applied to provide full-wave rectification and simultaneously
boost the voltage output. Besides, it requires less diodes (hence less energy losses) compared
to a conventional bridge rectifier. A transient analysis has been conducted to calculate the
input resistance of a charging capacitor as a function of time and subsequently verified by the
software simulation. The analysis indicated that the input resistance of a charging capacitor
was dependent on the input and output voltages. Therefore, a conventional matching circuit
that consisted of linear components could not work properly. A switch mode power converter
was introduced as a matching network so that the storage capacitor could be isolated from the
power source. The emulated input resistance looking into the power converter could be a
constant and determined by the frequency and the duty cycle of the PWM applied on the
switch. From the experimental results, the energy conversion efficiency from the harvesting
coil to the storage capacitor was around 74.6 %, which was twice as large as a previously
reported result. Finally, an energy management unit has been developed that effectively

utilized the energy stored in the capacitor to power a commercial wireless sensor.
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6.1 Summary

In this thesis, a highly efficient free-standing magnetic field energy harvesting system has
been studied, optimized and fabricated. The system can be installed in almost anywhere in a
substation or under overhead lines as long as there is an alternating magnetic field. Due to the
great flexibility, the proposed system is capable of powering different kinds of wireless
sensors deployed near the high voltage equipment.

In Chapter 2, the magnetic field near the high voltage equipment has been investigated.
According to the mathematical calculations and published results, a minimum magnetic flux
density of 7 T s is available under overhead power lines or inside electrical substations. In
addition, the system overview of a free-standing magnetic field energy harvester has been
presented and discussed, including the demagnetization phenomenon, eddy current losses and
the relevant circuit design. The knowledge provided in this chapter should be very valuable
for researchers who are currently working on this topic or going to start the research in this

area.

In Chapter 3, a novel bow-tie-shaped coil has been proposed, designed and optimized. The
special design of its geometric shape has made the magnetic flux concentrated in the middle
of the core which leads to much greater effective permeability compared to a conventional
rod. The core material was selected specifically to eliminate eddy current losses. Mn-Zn
Ferrite was identified as the most suitable core material, given its high relative permeability
and ultra-low conductivity. Different winding methods have been investigated. The results
indicated that the power collected by the coil was not only determined by the types of the
enameled wire, but also proportional to volume that the wire occupied. It was demonstrated
that the power density of the bow-tie coil designed in this chapter was 15 times greater than a

recently reported result if both coils were placed into the same magnetic field.

Chapter 4 introduces a new coil with a special helical core. It also uses the flux concentration

technique discussed in Chapter 3. In addition, the special helical-shaped design has
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dramatically lengthened the path of the magnetic flux, which reduced the demagnetization
factor and led to a much higher power output. The core material was selected by
compromising high permeability and low eddy current losses. High permeability ferrite was
identified as the most suitable core material, given its high relative permeability and ultra-low
conductivity. The geometry shape of the helical core has been optimized to increase the path
of the magnetic flux and better utilize the winding area available inside the core. From the
experimental results, the power density of a helical coil with only 400 turns was already
greater than the proposed bow-tie coil if both coils were placed into the same magnetic field.
If the fabricated coil can have 2000 turns of wire, its predicted power density (9.9 W/cm?) is

4 times larger than that of the bow-tie coil.

In Chapter 5, an AC-DC converter has been studied and presented. A voltage doubler has
been applied to provide full-wave rectification and simultaneously boost the output voltage. A
transient analysis has been carried out to calculate the input impedance of a charging
capacitor as a function of time. The theoretical analysis indicated that the input impedance
was dependent on the input and output voltage. A switch mode power converter has been
developed as a matching network. The emulated input resistance looking into the power
converter could be a constant and determined by the frequency and the duty cycle of PWM
applied on the switch. From the experimental results, the energy conversion efficiency from
the harvesting coil to the storage capacitor was around 74.6 %. This value was twice as large
as a previously reported design. Finally, an energy management unit has been developed
which effectively utilizes the energy stored in the capacitor to power a commercial wireless

Sensor.
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6.2 Key Contributions

This work has provided a thorough study on a magnetic field energy harvesting system from
the coil design into circuit analysis. The key contributions to new knowledge are detailed as

follows:
1. Chapters 1&2: Overview of Electromagnetic Field Energy Harvesting

A comprehensive literature review has been presented to illustrate the recent development of

the electric field and magnetic field energy harvesting near power infrastructure.
2. Chapter 3: Development of a Bow-tie Coil

The idea “flux concentration” is proposed to increase the effective permeability of a
ferromagnetic core. Thus, a novel bow-tie-shaped core are designed, fabricated and measured.
The energy losses inside the ferromagnetic core are studied and Mn-Zn ferrite is identified as
the most suitable core material due to its ultra-low conductivity. Different winding methods
are investigated and it is indicated that the power collected by the coil is proportional to
volume that the wire occupied. From the experimental result, the power density of the
proposed bow-tie coil is 15 times greater than a conventional solenoid if both coils were
placed into the same magnetic field.

3. Chapter 4: Development of a Helical Coil

On top of the “flux concentration” technique, a new coil with a helical core is proposed. The
special design of the helical shape dramatically lengthens the path of the magnetic flux,
which reduced the demagnetization factor and lead to a much higher power output. The
geometry shape of the helical core is carefully optimized to increase the path of the magnetic
flux and better utilize the winding area available inside the core. From the experimental
results, the power density of a helical coil with only 400 turns was already greater than a
bow-tie coil with 40,000 turns if both coils were placed into the same magnetic field. If the
fabricated helical coil can have 2000 turns of wire, its predicted power density (9.9 |V/cm?®)

is 4 times larger than that of the bow-tie coil.

4. Chapter 5: Impedance Matching and Energy Management System
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The work in Chapter 5 focuses on developing a specific circuit system for a magnetic field
energy harvester. It effectively utilizes the energy from the harvesting coil to power a wireless
sensor. As a capacitor is used as an energy storage unit, a transient analysis is carried out to
calculate the input resistance as a function of time. The theoretical analysis indicates that the
input resistance is highly related to the input and output voltage. A switch mode power
converter is developed as a matching network by only using a switch, a capacitor, an inductor
and a diode. Therefore, the input resistance looking into the power converter is a constant and
can be tuned by the switching frequency and the duty cycle. From the experimental results,
the energy conversion efficiency is around 74.6 %. This value is twice as large as a
previously reported design. Finally, an energy management unit is employed to utilize the
energy stored in the capacitor to power a commercial wireless sensor and therefore a

completed energy harvesting system has been accomplished.
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6.3 Future Work

Based upon the conclusions above and considering the limitations of the work existed, future

research could be carried out in the following areas.

Although the helical core can have a much better performance compared to other core
shapes in terms of the demagnetization factor, the complex physical structure makes it
difficult and expensive to fabricate, especial in the bulk-production. Furthermore,
ferrite materials are fragile and prone to damage. Further studies are necessary to

optimize the structure of the helical core to make it more robust.

In reality, the direction of the magnetic field near the high power equipment, especial
in the electrical substation, always changes with the real-time demand from the grid.
Therefore, the harvesting coil should be further optimized to capture the magnetic
field coming from different angles.

In this work, a small wireless sensor can be powered up to transmit a temperature
reading in every 10.5 minutes. However, for other sensors with a GPRS module, more
energy is required during the active operation. The magnetic field energy harvester
can be combined with other energy harvesting systems (e.g. polar panel, electric field
energy harvester) to provide a reliable and strong power output to an energy-hungry

device.

The coil proposed in this work may also be a good candidate of magnetic field sensors.
Due to the special design of the helical coil, the effective permeability is much larger
than a conventional solenoid. A tiny magnetic field in the air can be significantly
amplified by the helical core and the open circuit voltage directly indicates the
strength of the measured magnetic field. If a proper calibration method is developed,
the helical coil is able to measure a tiny magnetic field in the air without using an

amplifier circuit.
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To calculate the wire resistance, it is critical to figure out how many layers of the enameled
wire are wound inside the helical core. The parameter K;,;4; IS defined to express the total
layer of the enameled wire existing inside a helical core. Some examples are provided in Fig.

A.1 to help better understand the definition of K;,tq;-

Fig. A.1. The definition of the total layer of the enameled wire inside a core

For a particular layer of the wire inside a helical core, the number of turns in this layer N, can

be correlated to the wedge angle o shown in Fig. A.2.

(A1)

The wedge angle:
21

a=—
Ny

Fig. A.2. The wedge angle a defined inside a helical core
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Fig A.3. The parameters of a small wedge

The wedge angle o can be obtained by:

a = 2arcsin( ) (A.2)

Dy, —d
where d is the diameter of the enameled wire and D;, is the inner diameter of helical core
shown in Fig. A.3. By combining Equation (12) and (13), the number of turns in this
particular layer N, can be derived:

N, = " (A3)

. d
arCSIH(Dm——d)

Assuming that there are K;,.4; layers of enameled wire inside the core, the total number of

turns Ny, Can be calculated by the summation of the number of turns in each layer Ny,.

Ktotal Ktotal
s
Neotar = ) M= ) ( — (A4)
k=1 k=1 arcsin (Din — 2k = 1)d>

The length of the enameled wire at the k™ layer L, can be expressed by:

where Wy is the helical width and M, is the core thickness shown in Fig 4.10. The total

length of all the enameled wire L;,:,; inside the core can be obtained by the summation of L,

in each layer.
Ktotal Ktotal
Leogas = Z L = Z (N (2W,, + 2M, + 8kd)) (A.6)
k=1 k=1
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By combining Equations (15) and (17), the wireless resistance R,, ;.. can be calculated:

Ktotal Ktotal
T(2Wy + 2M, + 8kd)
Ryire = Pwire Z Ly = pwire _ d ) (A-7)
K= = aresin (5= =10)

where p,ire IS the wire resistance in /m.
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