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ABSTRACT

ENERGY HARVESTING FROM RF SIGNALS AND ULTRA-HIGH
VOLTAGE TRANSMISSION LINES (UHVTL) FOR WIRELESS
CHARGING OF UAV

Yohanna, Maigalisa,
M.S, Graduate School of Science and Engineering, Altinbas University,
Supervisor: Dr. Cagatay Aydin
Co-Supervisor: Dr. Cagdas Atilla
Date: February 2020

Pages: 62

UAVs are becoming increasing reliable in mission-critical assignments and surveillance.
Therefore, it is essential to find methods to keep them charged and functioning at all times, without
interruption. It’s for this purpose that we came up with a charging solution for the UAV, which
will enable it charge wirelessly using RF signals or while hovering around any Ultra-High Voltage
Transmission Line (UHVTL). Research has already been done in energy harvesting and WPT for
small powered devices within close proximity to RF sources and high voltage power lines. In one
case, experiments were conducted using solenoid coil [1]. In another, more effective case,
researchers used a modified Bow-tie shaped solenoid coil[2]. However, both cases suffered from
a limited proximity to the harvesting source — the power lines. This made the authors to
compromise between size and weight to achieve desired power. This design is built to be integrated
into a UAV for fast charging during mission critical or surveillance tasks. This means that the
UAYV will hover in close proximity to the transmission power line, thereby increasing the magnetic

field that cuts through the harvesting coil/core. This increases the overall power harvested. The
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UAYV will also carry antennas that will couple with RF waves when it is introduced to the field to
generate power. The RF component will host an array of high gain directional antennas of different
receiver frequencies. The harvesting coil design is a modified version of the Bow-tie model core
[2] and also a size reduction — from a proposed 40cm length to 15¢cm. It weighs a little over 1.5kg,
while still achieving a strong Magnetic flux, in the region of approximately 17. The placement of
the coil will be closer to the transmission line, in range of about 60uT magnetic flux density to
induce about 0.5mA of current. This is achieved at a distance of less than 5m from the top phase

lines, as opposed to the 5m above ground level measurement 11uT used in the reference research

[2].

Keywords: Electromagnetic Induction, Energy Harvesting, Wireless Power Transfer, UAV, Ultra-

High Voltage Transmission Lines, RF Energy Harvesting
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1. INTRODUCTION

Drones, or Unmanned Aerial Vehicles (UAVS), are increasingly important in everyday life. They
are used in many disciplines and professions because they can be programmed or designed to
perform different tasks with increasing degrees of accuracy. Their ability to fly, give aerial
assessments / results, and their ease of reaching target locations with little or no obstacles in good
time makes them better choices for a variety of tasks. They are deployed in emergency situations,
surveillance, geo mapping, goods delivery, photography, cinematography, etc. UAVs come in
different sizes, functions, and capacities. They can easily be modified for their functions. UAVs
are designed to cargo or functional equipment, such as cameras, test equipment, goods or medical
kits. The machine’s structural components — batteries, frames, motors, etc. — these weights impact
the overall flight time of UAVs. One of the major criteria for checking the performance of UAVs
is flight time — the time it takes a UAV to fly before it requires charging. Energy or power required
to complete a necessary flight time is the key consideration to every successful or bestselling UAV.
It is of utmost importance to narrow the field of UAV’s down to utility or essential aircraft (such
as those used in emergency and rescue operations or those used for 24-hour security surveillance),
their runtime and availability is of topmost importance in mission critical application and overall

performance efficiency, as it is the focus of this thesis.
1.1 MOTIVATION

As it is stated in the law of Thermodynamics: energy can neither be created nor destroyed, but it
can be transformed from one form to another [3]. This definition makes every matter existing on
our planet a potential energy source. There are several sources of energies that are currently
exploited on a global scale to improve efficiency, and provide more flexible access. It’s important
to maximize the use of abundant natural resources through conversion methods and a variety of
power options to conserve these energies for the increasing demands arising from portable devices.
Some forms of energy conversion are inspired by the technological tilt towards mobile and
portable electronic equipment relying on battery power. As a battery discharges while a user is on
the move, the device’s battery capacity becomes the limiting factor while performing a task. Lots
of thought has been put to addressing the challenges that come with mobility and portability,

prompting engineers to develop energy saving and management systems to improve the run time
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of devices. In some cases, trade-offs are made. This limits the designed performance of many
devices. But no matter how much work is put into the longevity of a battery’s life, charging will
always be required. To address this, attention was focused on fast, accessible and easy charging.

This inspired the development of wireless power transfer (WPT).

Wireless power transfer (WPT) is a solution to mobile and convenient charging. This is a
technology by which devices are charged or powered through electromagnetic means, without
using a physical connecting wire. This principle was first studied and patented by Tesla over a
century ago [4]. Now it has become more relevant and worthy of research. WPT electricity transfer
is done by using electromagnetic waves in the form of low frequency current induction (magnetic
field in close proximity), radiation as in high frequency Radio Frequency (RF) or Microwave

emission through a given effective distance [5].

Many wireless devices communicate using RF or Microwave signals as carriers. These carriers
make the air space they occupy ready for the frequency of a user’s communications signal to flow
through it. In other words, these transmission frequencies are potential energy resources laying
idle around devices that could be used for charging.

This thesis will discuss harvesting energies — of significant values — from RF frequencies being
transmitted in the air medium and electromagnetic field around Ultra-High Voltage Transmission
Lines (UHVTL).
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2. WIRELESS POWER TRANSFER THEORIES

This chapter will review some of the research completed by other scholars in WPT, which will lay

a foundation for this work and a theory of the energy sources.
2.1 LITERATURE REVIEW

The research in the fields of WTP and induction coupling will be discussed, and particular

references made to the key components relating to the scope of this thesis.

The evolution of wireless access networks to increase data capacity is taking over the airwaves
now. Unlike earlier techniques of wireless communication, higher frequencies at a lower
transmission power are employed to achieve higher data rates. In a paper by Bhushan et al. [6] on
network densification for 5G access, the authors propose how a complete network architecture can
be disintegrated into smaller heterogeneous networks or neighborhood cells — small cell
technology, as described in [7]. This achieves higher throughput and access among increasing user
populations. The authors also discuss the concept of Device-to-Device communications, and how
battery intensive this solution can be. It may be assumed that with all of these solutions, there will
be abundant frequencies. However, this is not the case. With low transmission power, there will
be insignificant harvested power. Considering a subscriber’s usage pattern, it is noted that all heavy
traffic (data channels) will shift from the long range, low frequency, high transmission power
channels to short range, high frequency, and low power transmission channels. This leaves the

available, idle RF energy in the suitable channel for harvesting.

A typical harvesting model is introduced by Tran et al. [8]. It is deployed to harvest energy from
transmitted RF power. They consider the effect different forms of antennas and rectification
components must have on the overall received output of the harvested power. The model they
present uses high gain antennas to receive transmitted frequencies, then passed through an
impedance matching circuit, which rectifies the signal. It is then passed through a management
system before dispensing to the device. However, their work is limited to an almost ideal
environment scenario. When the conditions become unstable — in terms of losses and

miniaturization — it may encounter some setbacks. Also, as it is common with Wireless Power
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Harvesting (WPH), there is only a certain amount of significant energy that can be harvested. This
is without taking into account the transmission power of the frequency to be harvested and
proximity to the transmission source, which can greatly affect the received power output [9].
Furthermore, one must consider the roles that antennas and frequencies play on possible power
outputs at a given distance from the transmitting source. A publication by Galinina et al. [10]
proposes a model of charging wearable devices in a densified network. They observe that, there
could be charging interruptions as users roam about or beyond coverage areas, but they lament that
more WPH efficient spectrum bands are inaccessible.

It should also be noted that the frequencies used in WPT are not ionizing. This means they lay in
the non-ionizing range of the electromagnetic spectrum, and makes them harmless to human
exposure. Even in the medical field, the application of WPT for charging implants is widely
researched [11],[12]. Ultra-High Frequencies that are non-ionizing can pose threats to human cells
when a direct contact is maintained at close proximity over a long period of time [13]. Effects of
prolonged exposure could be minimized or prevented, as discussed by Moradi et al. [14]. This by

no means poses a health effect or mutation to the resident population.

It is important to note that some research has been made in frequency resonance coupling. In
frequency coupling systems of WPT, two coils are placed apart and at a set resonance frequency.
Through coupling, power is transferred [12]. This method is used in many close contact device
charging systems, because such coupling can only be effective when the distance of separation
between the coils is small. Research like [15] and [16] have worked to increase this effective
distance of separation, and succeeded in the gain of a few centimeters. Another approach to
frequency resonance coupling [17], [18] is shown in the work by Paul and Sarma [19], where two
inductive coils are placed at a significant distance apart. They are both set to work on different
resonance frequencies, using a method known as the adiabatic and transitionless quantum driving
(TQD) algorithm to transfer power. At the end of their analysis they reached the conclusion that
the TQD outperformed the adiabatic in terms of coupling time, which caused a delay in the

adiabatic and an overall decrease in efficiency.

Based on the reviewed research, in order to harvest significant power wirelessly, at least one of
these three conditions must be applied: high transmission power, closer proximity to the

transmission source, or a high gain directional receiver antenna (or coils in the case of resonance).
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Also, because WPT is not only used to avoid the necessity of connection interfaces and port
access, other considerations can take priority, such as placing the charging unit away from the
device to be charged, to allow room for some degree of roaming freedom away from the source
during charging.

Conversely, an electric field induction system works with the magnetic field generated around an
AC conductor, as demonstrated by Lu et al. in [17]. This is the case in alternating current
technologies as well, because of the ‘charging current’ effect. This is essentially the charging and
discharging states produced by AC through a 50Hz or 60Hz cycle. This cycle is similar to the
principle a generator or alternator uses to produce electricity, obeying Faraday and Lenz’s Laws
[20]. The proximity of a harvesting unit to the conducting wires plays a big role in achieving higher
efficiency, as well as in cases where clamp meters are used. A reference to this principle appears
in Caxias et al.[21], related to the design of a robot for the inspection of transmission lines. Energy
harvesting devices are placed closer to the conducting source because the field strength is strongest
near the conductor. White et al.[22], in their research on energy harvesting from a power line,
demonstrate the use of an electric field guide around a conducting wire. This is then used to channel
the field strength around the wire towards an induction coil placed inside the guide. It was brilliant
work, but considering the fact that power lines are out of reach, placing a blanket of field guides
around such cables is practically impossible. Their solution may be limited to a certain level of
power distribution line. A proposed research with similar proximity limitation was also made in
the experiment by Gupta et al. [23]. However, when there is an obvious impediment to having
practically close access to the proposed charging source, there must be other ways to harvest
energy from such Ultra-High Voltage Transmission Lines (UHVTL).

To get further insight into electric field induction in transmission lines, consider a publication
by Horton et al. [24] on induced voltage in parallel transmission lines. The authors propose a
formula — in an effort to de-energize transmission lines — for calculating the voltage induced in a
conductor laying parallel to another voltage carrying a conductor. Their proposed method
considers the distance of separation and capacitive properties between both lines, as well as
between the individual transmission lines and the ground. They obtain results in a few thousand
volts at about 500m. A current flow from a center distance of about 50 feet from a 161kV line.

This is quite substantial. In a separate analysis conducted by Luo et al. [25] on an UHVTL, they
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use a three phase UHVTL. They base their analysis of the induced voltage on three variables,
namely; resultant height, whether it is ground and ungrounded, and the parallel length of the
transmission lines. The results are also significant. The results from these two analysis affirms that
electric field strength reduces with distance [26]; but at higher power level, the electric field will
also be larger, increasing the effective field strength radius. Therefore, at an Ultra-High voltage

energy level, we can harvest power from a reasonable distance from the power line.
2.2 THEORY OF ENERGY SOURCES

In order to harvest energy wirelessly, electromagnetic energy sources are required. In this thesis
we will consider two electromagnetic sources for energy harvesting: Base Transceiver Stations
(BTS) and Ultra-High Voltage Transmission Lines (UHVTL). These transfers use different
theories. Energy harvesting from BTS requires the use of radiated frequency at a significant power
level and high efficiency (Gain) directional receiver antennas; whereas energy harvesting from

UHVTL requires induction coils.
2.2.1 Base Transceiver Station (BTS)

BTS are designed to send information signals or packets through airwaves using what is known as
carrier frequencies, which are electromagnetic in nature. The suitable electromagnetic frequencies
needed for wireless power harvesting generally fall in the category of the frequency spectrum
known as Radio Frequency (RF). Frequency radiation through RF can be classified in two forms;
Far Field (Fraunhofer region) radiation and Near Field (Fresnel region) radiation. While discussing
these two forms of RF propagations, we will consider factors such as the type of frequency
transmitted, transmission antenna (antenna gain and orientation), transmission power and the

effective radius of charge.

In terms of transmission frequencies, low frequencies are known to travel very far distances due
to their long wavelengths. However, to transmit at such frequencies, an antenna length or diameter
must match the wavelength. This allows low frequencies to be transmitted through a more realistic
Half Wavelength or Quarter Wavelength antenna [27]. Such low frequency transmissions are
sometimes referred to as Ground Transmission because the earth’s surface helps propagate the

transmitted frequency over very far distances, assuming no obstructions along the earth’s curvature
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or relief. The low frequencies are far down in the category of energy levels and ionization. This
brings us to the idea of high frequency transmission. High frequencies have short wavelengths and
low penetration power. Because they have short wavelengths, the size of their transmission
antennas are considerably small, making it possible to transmit at full wavelength. However, unlike
the low frequencies, ground transmission is not needed here. Its propagation distance is also
limited. High Frequencies transmit at higher energy levels, thereby making them suitable for Near
Field transmission. Table 1 shows a comparison of different frequencies and their possible RF
charging energies. It can be deduced that the harvesting of energy at near field will generate more

power.
Table 2.1: Comparing different frequency bands for RF WPT (adopted from [10])

Parameter! ISM (industrial, scientific, and medical) bands Cellular bands

Band 915 MHz 24 GHz 5.8 GHz 850 MHz 1.7 GH=z 2.1 GHz 1.9 GHz 2.5 GHz

Wavelength, m 0.33 0.12 0.05 0.35 0.18 0.14 0.16 0.12

Array size, m 0.33x0.33 0.12x0.12 0.05x0.05 0.35x0.35 0.18x0.18 0.14x0.14 0.16x0.16 0.12x0.12
Omni| Direct| Omni| Direct.] Omni| Direct.| Omni| Direct| Omni| Direct]{ Omni Direct.| Omni| Direct| Omni| Direct,

Energy radius, m 10.57| 3485 | 3.95 | 1301 | L.67 | 5.50 I1.38] 3751 | 569 | 18,76| 460 | 1518 | 5.09 | 1678 | 3.87 | 12.75

Prarvestea” s g W 1117 12144 1.56 | 1694 | 0.28 | 3.02 12.94] 140.73| 3.24 | 3518 2.12 | 23.06 | 2.59 | 28.16 | 1.50 | 1627

Replenishment rate®, % 123 2329 | -69 242 -94 -40) 159 | 2715 | -35 604 -58 | 361 -48 463 =70 225

Energy positive range®, m | 14.95| 49.28 | 558 | 18.41 | 236 | 7.77 16.09| 53.05 | 8.04 | 2653 | 651 | 2147 | 7.20 | 23.73 | 547 | 18.04

Support time®, min 8.11 0.43 N/AT| 4.19 N/A | N/A 6.30 | 0.37 N/A | 1.66 | N/A | 2.77 N/A | 2.16 N/IA | 444

! Parameters used for estimation are: transmitter antenna gain (omni-directional/directional) 2.15/14.51dBi, receiver gain 0dBi, WET efficiency 50%,
sensitivity = —20dB, consumed power (discharge rate) 5uW, radiated power 1/0.63W (omni-directional/directional)

2 Assuming 3x3 square transmitter array with 1/2 wavelength separation 3 Harvested power at reference distance 10m
4 Energy replenishment rate at 10m = (harvested power/consumed power —1)-100% 5 Maximum distance where harvested power>consumed power
Time of harvesting to support N = 10 min of autonomous work at 10m 7 Not available due to feasibility constraints

2.2.2 Ultra-High Voltage Transmission Power Lines (UHVTL)

High voltage power lines radiate high frequencies during transmission, but the UHVTL line, like
any other form of electricity distribution source, radiates only 50Hz or 60Hz (depending on a
region or country’s standard). This is the standard frequency for every power generation plant. If
such frequency is to be used for WPT through radiation, it will require an impractically long
antenna in the form of 3 x 108/50 = 6,000 km to transmit power, which is not feasible. This
bring us to the induction theory as a method to harvest such energies from power lines. Just like
the operation of transformers, the proposed model will harvest energy using an induction coil that
is separated by some distance from the UHVTL. This induction happens when the magnetic field

created around the Ultra-High Voltage cables is radiated through the surrounding air medium, and
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an induction coil is introduced into the generated field to cause current to flow through winding

coil conductors.
2.3 CONCLUSION

Most of the proposed energy harvesting systems that are reviewed in this chapter are in some ways
targeting specific low power applications. One thing that WPT technologies all have in common
is the fact that the harvested power is not sufficient for large scale device charging requirements —
many types of miniature or Nano equipment will perform satisfactorily with low harvested power.
In this thesis, to generate the required power that will perform a satisfactory job of charging our

target device or application (UAVS), the focus will be placed on harvesting significant energy.
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3. SYSTEM MODEL

This chapter will discuss: The system description, and the formulae used to derive the proposed

model.
3.1 SYSTEM DESCRIPTION

With the sources of the energies identified, the next step is to consider the setup of the receivers
for the harvested energy. Note that a unit harvesting source can only yield the same amount of
energy that will be sufficient to charge the storage banks. The concept of the receivers will be

discussed here, in terms of radiative and inductive power receptions.
3.1.1 Radiative Far/Near Field Reception

3.1.1.1 Antenna array

A receiver antenna is used to receive (attract) the transmitted frequency. The model will propose
an array of directional antennas with high gain, which will receive frequencies from different
sources available. Then, all the source outputs are aggregated to produce a high level of power.
Within this array will be antennas of different RF bands, depending on the channels available for
harvesting. The received frequencies of different bands are sent through different Rectenna blocks

for conversion.

3.1.1.2 Rectenna

Received high frequency RF waves need to be converted to electrical energy. This is done with
the use of rectenna [28]. A rectenna consists of dipole antennas connected to dipole elements
(Schottky diodes) through filters [29], as seen in Fig. 3.1. The Schottky diodes have a wide
tolerance for high frequency switching without losing much power in the form of drop voltages.
Additionally, they don’t break down due to overheating. These diodes convert the incoming high
frequencies into low DC voltages, depending on the received power of the RF wave. The converted
voltage is then smoothed or filtered by capacitors. The circuit can be expanded, depending on the

desired output voltage level, using the nth staged voltage doubling element.
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3.1.1.3 Regulator

At the regulator stage, a constant value for voltage is to be maintained at the output of all the
received, rectified, and filtered DC voltages from the rectenna blocks. This is achieved with the
use of voltage regulators. It is after this level that all the individual power components of the

antenna array are aggregated to increase the overall power level at its output.

Super capacitors have the ability to charge quickly and store a tremendous amount of energy.
Therefore, integrating super capacitors (500F) into the drone system will allow the unit to be
charged quickly, as well as filtering any spikes or ripples that occur during charging.

Dn
i '—H Cn-1 el i
’ 7
H . Dn-1 b
5 3 b e ] ‘
: _H Iol—r * ) . p— —|= Drone
i +* ' ! Battery
H : Cload
Ree | |y o2, T o3 : o
o— Il &
i bt Ta Toa T o

Figure 3.1: Schematic Showing the Rectenna circuit consisting of an N-Stage Cockcroft-Walton Charge
Pump (Voltage Multiplier)

Thus, the system of the RF WPT will be as illustrated in Fig. 3.2. The number and types of antennas
to be used will depend on the frequency available in the deployment space. There will be
directional antennas placed at different tilt angles facing the source of strong signals.
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Figure 3.2: Diagram showing the RF harvesting blocks from the multiple frequency, different direction
reception antennas, to the charging phase

3.1.2 Inductive Power Reception

Inductive power is obtained from the transfer of energy through induction over close distances and
a strong electric field. However, for this to be viable for the proposed model, the distance D for
such a transfer will have to be larger, because the receiver will be placed at a considerable safe
distance to the UHVTL.

Based on the components of induction, experimental works carried out on live UHVTLs by Luo
et al. in [25], provide several backgrounds and scenarios to test for these theories on induced
voltage on a given line (let’s call it S). In the results of their work, they highlighted three important
facts. The induced voltage in S;

e increased as the length of the transmission line increased. The referenced distance was from
500m to 10km.

e decreased as the distance of separation between S and the UHVTLs increased. The

referenced distance was from 45m to 90m.
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e increased as the distance between S and the ground increased. The referenced distance was
20m to 140m from ground level. However, it experienced a sharp drop at the middle phase
line. This drop was due to the upper and lower line force fields cancelling out their force

field rather than increasing the resultant field.

With these three points, a base can be established on the design of the proposed model. To achieve
an efficient system that will supply significant power, the model will consider the distance
variation as reference for the design.

Most of power obtained for energy transfer through induction is done over a close distance and a
strong field. Here, using the transformer principles, the UHVTL represents the primary side of an
isolation transformer. It generates high voltage and a reasonably high current. In terms of winding
length and density, there are several parallel lines running a distance of several kilometers at
different phases. On the secondary side will be a coil winding on a core. The core size and winding
turns will be determined by the amount of voltage or current required, taking into consideration
isolation gaps between the primary (UHVTLSs) and the secondary winding. Fig. 3.3 shows a
representation of the system coupling.

3.1.2.1 The Caoil

It is a coil winding on an iron core, which will lay parallel to the UHVTL over a relatively strong

magnetic field.
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—_—

e e [l

Loop length

Figure 3.3: Magnetic Field generated around a UHVTL that induces current in a parallel coil

The proposed system will make use of an existing UHVTL, which is commonly located between
the generating source and distribution settlements. The induction coil must be placed in close
proximity to strong fields of the UHVTLs to induce power. In our case, it will be mounted on the
UAV. Because this power is in low AC form, it is passed through a Cockcroft Walton voltage
doubler. This is a regulator block to maintain constant voltage. Then, it’s passed to a current
doubler circuit that will cut the voltage in half and double the current. Finally, the rectified power
is used to charge the UAV. There is a need for more winding wires to give a reasonable charging
output to feed to the accumulators, but this will increase in overall weight of the coil unit. This

model is seen in Fig. 3.4.
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Cockcroft Voltage Accumulator
\.\.'E ¥ —.— = S 1
Walton Regulator Current Doubler [Supermpn_ltors
Doubler and Batteries

A A

Induction Coil

Figure 3.4: A Flow diagram showing a detailed layout of the system, from input induction source to
UAV battery unit.

3.2 FORMULATION
3.2.1 Wireless Energy Harvesting from BTS

For this sequence to be successful, calculations for the electromagnetic wave transmission are

crucial.

Let’s consider the electromagnetic wave propagation. Electromagnetic waves are components of
electric and magnetic waves, as the name implies. They are transmitted perpendicular to each

other. The total power carried by these waves in Far Field are expressed by a Poynting equation:

P =Re(E xH*) (W/m? (3.1)

Where
E — Is the electric field intensity (V/m)
H — Is the magnetic field intensity (4/m)
Re — Is the real part of the equation and,

Asterisk (*) - Is the complex conjugate part of which both E and H are a quantity.

Power density as observed at a point distance R from the source (sphere) is expressed as:
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Where n, = 377Q is the intrinsic impedance of free space.

P= 5—2(411132) (W) (3-2)

(o]

Also, the relationship between E and H is

m=r @ ¢3)

Now the power density P, that is received from a transmission antenna at a distance is expressed

as,

_ PGL,
= AnrR2

W /m?) (3.4)

Where
P, — Power transmitted (W),
G, — Gain of the transmitting antenna,
L, — Transmission line loss,

R — Distance between the transmitting and receiving antenna (m).

As also derived by Liao [30] from field theory, considering far field and a free space medium.

E? E? (3.5)
— — 2
P; = 0 = 120m (W /m#)

Therefore, field intensity can be derived from Eq. (3.4) and (3.5) to be

E = /120nP; = 19.4,/P,
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= SR#E; PGy (V/m) (36)

Also for;

E
Receiving Antenna Factor (AF) = V= 19.8 — 20log,9(A) — G, (dB) (3.7)

Where
A — The wavelength of the transmitting frequency(m),

G, — Gain of the receiving antenna (dB).

Establishing the formulae that relates all the components which brings power to the receiving
antenna, there is little we can do to change most of the parameters because, we don’t dictate to the
BTS operators how to propagate their resources. However, what is of great importance to us here

is knowing our maximum possible effective distance from the transmission point.

The distance between transmitter and receiver (or radius) represented by R differs depending on
the type of transmission power targeted. It depends on the frequency band from which the energy

will be harvested.

For the Far Field — also known as the Fraunhofer region, the effective distance Ry of the receiver

antenna from the BTS is expressed as

2D? (3.8)

Where
D — Is the diameter of the receiver’s antenna (m?),

A — Is the wavelength of the propagation wave(m).
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Then, for the reactive Near Field region, the effective distance Ry of the receiver antenna from the

D3

However, the formula for the radiating near field, also known as the Fresnel region, is the same as

BTS is expressed as

that of the Far Field propagation.

At the Rectenna, the energy coverage radius Ry is given as

1 A

Where S is the rectifier sensitivity.

Rectenna’s diode cut-off frequency f is expressed as

(3.11)

1
= H
f =omrg, WD
Where
R, — The diode’s series resistance

C; — Zero-bias junction capacitance

Because most of the quantities we will be dealing with are in the dimensions of two power level
ratios, which is decibel dB, we will highlight the formula for these conversions. This is expressed

as

P
dB = 10logy, (P—Z) (312)
1

P, is the power level with respect to a reference power P; — which, in most cases is equal to 1
31



When the decibel value is above 1W it is expressed as dBW. When the value of the decibel is

above 1mW it is expressed as dBm. The relationship between the dBW and dBm is given as

dBW = —30 + dBm (3.13)

Then, in terms of the received power B. — given that the parameters are in dB and the transmitted

power is in dBW — the expression is

AR 3.14
P.=P.+G;+ G, — L — L, — 20logq (T) (dBW) (3.14)
Where L, is the receiving antenna loss (in this case, with the unit of dB).
For free space loss (FSL) received power PB. is expressed (in dBm) as
P. =P, + G, + G, — FSL (dBm) (3.15)
And FSL from Eqg. (3.15) is expressed in terms of distance and propagation frequency as
Where
dxm — The distance between the transmitter and receiver antennas (km)
fuuz — The transmitting frequency (MHz)
And in terms of transmitting power density
Py = —11dB — 20log,oR + P, + G — L,  (dBW /m?) (3.17)
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While for receiving power density

P, = 11dB — 20log;oA + P, — G, — L, (dBW /m?) (3.18)

With these equations, we can now run our analysis to see what amount of power we can receive at

any good proximity between base transceiver station (BTS) coverage areas.
3.2.2 Energy Harvesting from High Voltage Transmission Lines

For energy harvesting from Ultra-High Voltage Transmission Lines (UHVTL), the basic principles
of electromagnetic induction states that any current carrying conductor of a given length generates
a magnetic field around it. This force field is perpendicular to the direction of flow of the current.
When a conductor is introduced into a magnetic field, a current is induced due to the change in
magnetic flux on the electron particles in the conductor. The strength of such power transfer
depends on the strength of the field, the flux transfer medium, and the conductor or coil form

factor.

Let’s consider two parallel transmission lines of length [, separated by a distance r and carrying

currents I; and I, , which are flowing in the same direction. This is illustrated in Fig. 3.5.

1
Flon2 @ -3 y
-—
F2on1
B
11 2

r

B S E—

Figure 3.5: Magnetic Force field between two current carrying conductors

The force field in the conductor 1 will be
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F, =B,,l (N) (3.19)

Where
B, — Magnetic field generated by the conductor 2
But,
_ tolz (3.20)
B,=5—- (@D
Therefore substituting for B, in Eq. (3.19)
L1l
F, = Holz211 ) (3.21)

2nr

Based on Newton’s law, the force field in the conductor 2 with respect to the magnetic field in

conductor 1 will be

tol1l5!

k= 2nr (V)
F,=F
v (3.22)
The magnetic flux is the area through which the magnetic field is cut, expressed as
® = BA (Tm?) (3.23)

Where A is the area through which the field cuts.

Faraday and Len’s Law expresses the induced emf in any coil that lays in the field as
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AP (3.24)

Where N is the number of turns of the conducting coil. The minus sign is Len’s Law, which states

that motion must cut across the field for emf to be generated.

The induced emf can be expressed with respect to the area by substituting Eq. (3.23) into Eq. (3.24)

as

AB (3.25)

The emf in terms of current i and inductance L (Appendix A) is expressed as

A ﬁ (3.26)
E =L W)

The inductance in terms of coil diameter and core radius is

SETNCT Ryt

Where

d — Is the distance of the coil loop,
r — Is the radius of the coil, and

Lo — Is the magnetic permeability of free space expressed as 4 x 1077

This proves that when the currents in the conductors flow in opposite directions with the same

magnitude, their force fields cancel each other out, giving a resultant zero.
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There are two main ways through which induction can happen between two transmission lines
running parallel or at an angle to each other, as discussed in [24]. The first is through electrostatic
induction through capacitive coupling. The second is electromagnetic induction through mutual
inductance [31].

The capacitive coupling (electrostatic induction) method is dependent on the capacitive properties
created by the medium separating the lines from each other and the ground. It is not dependent on
the distance of separation between the lines [32]. Fig. 3.6 shows an illustration of the effect of

capacitive coupling on transmission lines.

| istance of separation between TLs |

|-' I—|

TL1 TL2

']
|
(]
I
[

Figure 3.6: Presence of capacitive coupling acting on transmission lines

From Fig. 3.6, the formula for voltage V, induced in the transmission line 2 (TL2) due to the

transmission line 1 (TL1) is

_ (G (3.28)
V2= (clz+czo) ho )

Where,

/1, — High voltage transmitted on the transmission line
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C;, — Capacitance between TL1 and TL2

C,, — Capacitance between TL2 and ground

However, the capacitive coupling effect is greatest on TL2 when both ends of TL2 are open (not

grounded), as we will demonstrate shortly.

In the case of the mutual induction coupling (Electromagnetic Induction), the distance of
separation between the two TL and the ground play a vital role in the induced voltage on the TL2.
Let’s discuss the effect of the distance of separation between the transmission lines as it relates to

the voltage induced in the case of parallel running TLs, separated by certain distances.

Assume an infinitely long UHVTL, tl. is placed at a distance from other conductors of the same
diameter (1, 2, 3, ..., n),carrying their respective currents and running parallel to each other. This

is shown in Fig. 3.7.

D3

< D2

®-
®-

]

]

]

]

.
NOR

o

3
YV Y v@g

D1

Figure 3.7: Cross-sectional view of parallel conductors showing their relationship with respect to their
distance. The Current direction is into the paper.

The resulting magnetic flux linkage A generated by the three lines with respect to the conductor as

derived in [31] is expressed as:

Ay =2%x1077 (Illn (Di> + LIn (i> + Lin (Di) + e+ Lin (Di)) (Wb — turn/m) (3.29)

1 DZ 3

Where
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D — Represents the respective distances of all the conductors from the TL, in terms of their

individual subscripts.

From the flux linkage equation, we can now obtain the voltage induced in the TL as

Vo =jwdyg  (V/m) (3.30)

Where w = 27 f is the resonance frequency.

This is the voltage due to mutual inductance between the powered transmission line and the

energized transmission line tl. In this thesis, the energized line will be a coil.

This gives us the voltage on the transmission line with respect to the collective conductors. When
there are more tl that are insulated and closely packed together to form conductors

tly, tl,, tls, ... tl,, each of them will have an induced voltage as expressed in Eq. (3.30).

In this thesis, we will not attempt to curb or merely measure the effect of these induced voltages
on the transmission lines. The concern is not how far our induced line will go, but how to harvest
energy that can be used to charge drones. To put this theory into practice, | proposed a coil winding
design that will create a huge isolation type, voltage stepdown transformer.

Since windings are now involved, the transformation formula will play a big role in getting the
system to accumulate the power that necessary for charging. We will use the well-known

transformer relationship, which is expressed as

=

Np _ Vo _ (3.31)
N

SIS
ﬁ~|m~

Where,

N,, — Number of turns of the primary coil
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N, — Number of turns of the secondary coil

V, — Voltage on the primary side of the transformer
V, — Voltage on the secondary side of the transformer
I; — Current on the primary side of the transformer

I — Current on the secondary side of the transformer

From this relationship, we can easily deduce that an increase in the number of coil turns results in
an increase in voltage (because of the direct proportionality), and a decrease to the current on the
resulting side. Therefore, all of the factors from V,; per meter, including the wire gauge based on
the desired current and the core type, will decide the overall parameter for the coil design with
reference to an existing input parameter. Other formulas that are used to get the results in this thesis

are listed in Appendix A.

When current [ is flowing through a coil placed in a magnetic field, and this coil has the resistive

value R with an inductance L, as shown in Fig. 3.8:

b

Induced Voltage

Magnetic Field

Figure 3.8: An inductive Circuit

The induced voltage is expressed as

V=KLwl2+R (V) (3.32)
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Where w = 2nf

For a solenoid coil having a core length of L, with N numbers of winding turns carrying a current
1, the magnetic field concentration in the uniform field is expressed as,
(3.32)

B—IN T
=ul7 (T)

Where u is the permeability, which is the product of relative permeability of the core material p,
and absolute permeability p, = 4 x 10~7. The relationship in (3.32) will be used to determine
the current that is induced in the coil design after measuring the concentration of magnetic flux
within the core.

40



4. ANALYSIS AND RESULTS

4.1 RF ENERGY HARVESTING

An analysis was carried out using transmission parameters as obtained in Table 4.1. The analysis

assumes that the available 3G and 4G frequency bands are 2.1GHz and 2.6GHz respectively.

Table 4.1: Simulation parameter for RF energy harvest

Parameter

Value

Transmitting Power (P,)

50dBm

RF band 2.1GHz and 2.6GHz
Transmitting Antenna Gain (G,) 20dBi
Receiver Antenna Gain (G,) 25dBi

A characteristic chart, as seen in Fig. 4.1, is obtained from the given input parameter in Table 4.1,
at 2.1GHz band.

1200

1000 [;
800 |

600

Received Power (mW)

400

200 | S

20 40 60 80 100 120 140
Distance (m)

Figure 4.1: Plot of received power vs distance between transmitting and receiving antenna
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Table 4.2: Result showing received power at different distance ranges for two separate considered
frequency bands

Distance (m) Received Power (Watts)
2.1GHz 2.6GHz
20 1.0198 0.6652
40 0.2549 0.1663
60 0.1133 0.0739
80 0.0637 0.0275
100 0.0408 0.0177
120 0.0283 0.0122
140 0.0208 0.0090

As shown in Table 4.2, more power is obtained at higher power levels with a lower RF band. As
the distance from the transmitting station increases, the power level drops. A 25dBi receiver
directional antenna may sound farfetched, but in time, it will be readily available. To achieve
significantly useful energy delivery for charging, our calculations will determine the locations of
the receiver antennas with respect to their respective energy sources. We will run the values of a
typical BTS transmission frequency and check it against the received power level with respect to

their distances apart.

In a 3G setup, the number of Base Transceiver Stations (BTS) in a square kilometer is generally 4
or 5. In the case of a 4G (LTE) topology, the number rises to about 8 to 10 BTS per km?. Given
this information, the best location to position antennas in these clusters, will be based on mobile
cell optimization and frequency bands. Suitable distance is matched to frequencies, and their
desired results is as expressed in Table 4.3.
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Table 4.3: Estimated power harvested from a given scenario

Distance From BTS Calculated received Numbers of Total power generated
(meters) power at given distance | directional antennas (Watts)
(Watts)
80 (for 2.1GHz) 0.0637 5 0.3185
40 (for 4G) 0.1663 5 0.8315
Total Power Harvested 1.1500

10 of these antennas locked in the direction of their respective target frequency bands would
harvest about 1.15W of power from the surrounding BTS. This power is fed to the rectenna voltage

doubling circuit, which pre-charges it through boost rectification.

4.2 UHVTL ENERGY HARVESTING

For the UHVTL, we used an electromagnetic field simulation software for transmission lines
known as QuickField. The software was used to carry out the simulations for both magnetic field

components (AC magnetics analysis) and electric field components (AC conduction analysis).

The parameters used in the simulation scenario are two three phase UHVTLS running on
transmission towers with dimensions as shown in Fig. 4.2. Each transmission line is carrying

voltages of 100kV and a current of 500A, running parallel to each other through a distance of 1km.
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Figure 4.2: Dimension of the simulated UHVTL tower showing the 3 x 2 transmission cables hanging
from their insulators.

The fields generated around the transmission lines in the simulations are as seen in Fig. 4.3 to Fig.
4.6. Only the effective field portions are shown in the plots of Color Maps and Isolines. As
observed, the field is strongest close to the conductor clusters. But the isolines show the projection
of a stronger energy vertically upward as compared to other directions, in the cases of the AC
Conduction, but almost horizontally symmetrical in the AC Magnetics. This is the same when

applied in a downward direction, due to the earth’s magnetism).

44



Legend

strength
E (vjm)
RMS Magritude:

10000
5000

8000

7000

BO00

5000

4000

3000

2000
1000
0

Figure 4.3: AC conduction simulation results showing the six transmission cables and the effective
electric fields strength formed around them (simulation was performed using actual scale)
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Figure 4.4: AC Conduction simulation showing resultant floating voltage around transmission lines
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Figure 4.5: AC Magnetic analysis showing the magnetic flux density around transmission lines
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Figure 4.6: AC Magnetic analysis showing an instance capture of the magnetic field’s potential radiation
around the transmission lines
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Furthermore, these simulation results are analyzed at two vertical cross-sectional points of the
transmission lines. A cross-section plane is taken at the symmetrical center of the transmission
tower, cutting from the zero potential ground level to beyond the height of the tower (31 meters).
This measures the numerical values of the fields through a chart. Then, a vertical cross-section
from a horizontal distance of 10 meters from the symmetrical center of the tower is taken, which
also starts from ground level and reaches beyond the tower height. It is noticed that field strength

iIs at its peak overhead the powerlines, and reduces the closer you get to ground level.
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Figure 4.8: Floating voltage around the transmission line plot taken from the: (Top) symmetrical center,
and (Bottom) 10 meters from center of the tower’s reference point
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Figure 4.9: Magnetic flux density around transmission line plot taken from the: (Top) symmetrical



From our analysis, as seen in Fig. 4.7 to Fig. 4.9, it is clear that the strongest fields exist at the
symmetrical center of the UHVTL. This means that for the best harvest results, the induction coil
must hang under or in-between the overhead ultra-high voltage power lines. This leads us to
consider the hazards and impracticality involved in the deployment of this solution. However, in
the case of a hovering vehicle such as a drone, the resultant peak of all the fields is observed at a
height of about 28 — 30 meters, right above the transmission tower. This is because that field is far
from the ground, and yet closer to the transmission lines. Therefore, mounting a charging coil in a
drone that will hover at such height above the UHVTLs will generate sufficient power to charge

the drone.
4.2.1 Coil Model

Research by Yuan et al. [2] into the harvest of energy from UHVTL using coils proposes a Bow-
Tie Coil model. This model was able to generate 146.7mW power in a 11uT magnetic field. Their
coil performed much better than the one proposed by Roscoe et al. in [1], in which a solenoid coil

is designed to harvest energy for the use of a low power dependent sensor.

Having considered the recommendations to improve the result achieved by the Bow-tie coil, |
propose an improved modification which would build more Magnetic Flux density with the coil.

Fig. 4.10 shows the designs of the winding cores.

N
Z N Z\

Figure 4.10: Yuan et al. Bow-tie Coil (Top), our first modification to the Bow-tie Coil model (center),
Curved Core Design (bottom)
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[2] also state the concerns of proximity of the coil, which is impeded by the practical distance that
the coil can be placed from the harvesting source. In their case, the coil was placed at a distance
of 5 meters above ground level. Because our design seeks to harvest energy in order to charge
hovering UAVSs, these UAVSs can hover at a closer proximity to the power lines, such as the top
height of about 40m where the magnetic flux field is strongest. This is seen in Fig. 4.9. It will also
go a long way in reducing the size of the harvesting coil, which will make it able to fit on the UAV.
Because the core material will play a major factor in terms of weight and performance [33], | chose
to use a Silicon Core Iron B (SiFEB) alloy for the analysis. The presence of Silicon in the steel
material decreases the resistivity of the iron, which means a lower Eddy current and a narrow loop
for Hysteresis. This reduces the overall core losses. The volume density of the Silicon Core Iron

alloy is 7650kg/m3, with a relative permeability of 1500 [34].

| used Comsol Multiphysics to create a Helmholtz coil, which was used to generate a Magnetic
Flux Density similar to our UHVTL environment. Between the Helmholtz coils we placed
different core designs. The generated magnetic flux concentration in the core materials are seen in
fig. 4.11-4.13

Slice: Magnetic flux density norm (T) Arrow Volume: Magnetic field Surface: 1 (1) o

I 0.3

0.25
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Figure 4.11: Bow-Tie model proposed by Yuan et al. [2] with uniform internal magnetic flux density of
approximately 0.25T in the core
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Figure 4.12: First attempt on Bow-Tie modification showing an average uniform magnetic flux density
of 0.25T just like the original model.

Figure 4.13: Final modification we call the Mushroom Head Core. This is the result of uniform magnetic
flux density, which is almost 1T.
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From the obtained result, | computed the current generated in the core using AWG 26 copper wire
for winding and taking into account, weight [35]. From the dimension of my core geometry and
provided material density, | got the overall weight of 1.65kg for our Silicon core Iron alloy.
Therefore, using AWG 26 dimensions for 1000 turns of winding, | achieved an overall
approximate core and coil assembly of about 1.75kg. Using all the above stated condition — core
size, wire gauge, number of turns, flux density, permeability etc., | calculated an induced current
of 0.5mA at the output of the model.
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5. CONCLUSION

5.1 CONCLUSION

These results and analysis demonstrate that sufficient power can be used wirelessly and
simultaneously to charge hovering UAVs without unnecessary downtime. The values of the power
generated will ensure a fast charging time. Because, considering the obtained result and the given
approximate field space, the approximate flux density range can be calculated with a known
required power to charge the drone. With an output current of 0.5mA, it will be easier to multiply
the output voltage using an n-stage Crowcroft voltage doubler (to a voltage of, say 12V). Then,
using current doubler, the voltage drops to half its value (6V) so as to increase the overall output

current to 1A.

Now, considering a practical domestic drone battery parameter of 3.7V and 720mAH, which
normally comes with a 5V / 1.2A charging adaptor, the power generated by the proposed model
will comfortably charge such a drone. With this calculation it is safe to say that the drone can fly
comfortably at a distance of about 10 meters away from the lines to charge, and at a higher altitude
— in reference to the transmission tower — it can fly further away from the lines and still be within

charging range.

Therefore, this research, which is a modification to the work from Yuan et al [2], has presented a
practical WPT solution that can be implemented on a UAV. However, it can be optimized even
further.

The induction coil’s core material will increase the overall weight of the drone unit, which will
make it consume more power and reduce its efficiency. Alloy cores of high relative permeability
are expensive and not readily available at this time. For future research, lightweight materials that

attract a strong flux field and are easily obtained should be considered.

Regarding cost-savings for power transmission, the billing cost of this project is not discussed in

this paper.

Additionally, the use of Omni directional antennas would provide 360 degree coverage of RF
frequency seeking, but the Omni directional antennas have a low gain factor. Hence, this work
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have made use of directional antennas. To focus the antennas’ array in the direction of a strong
transmission frequency, a good positioning and signal scanning algorithm must be developed to

achieve higher efficiency in practical applications.
5.2 FUTURE WORK

This thesis discusses the direct charging of drones from WPT energy sources. However, in the case
of a drone fleet consisting of different types and functions, the proposed improvement to this work
will be the design of a WPT harvesting power station, to serve as hub to accumulate and store
electricity. The power station will incorporate wireless coupling charging pods or a platform for
quick charging. This is an effort to move the substantial weight of charging components from

UAVs to the charging pods.
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APPENDIX A

Al INDUCTANCE RELATIONSHIP WITH INDUCTION VOLTAGE
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