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ABSTRACT An important application in the growing field of unmanned aerial vehicles (UAVs) is in
monitoring and inspection of high voltage power lines and electrical networks. The UAV-based monitoring
method will save energy, simplify access to impassable or remote areas, reduce inspection cost, and automate
the inspection process. However, the battery capacity of a medium scale drone limits their travel distance
and mission duration. It is crucial to improve the energy feeding system of drones and overcome the battery
capacity problem to foster the use of drones for routine monitoring operations. In this study, we focus on
presenting wireless techniques available for drone mission duration improvement as well as discuss and
practically examine the most feasible and reliable technique to charge UAV using power lines.

INDEX TERMS Unmanned aerial vehicles, wireless charging, wireless energy transfer, inductive power

transfer.

I. INTRODUCTION

Over the last decade, UAVs with different capabilities and
applications are developed for commercial, recreational and
public use. Military application accounts for about 90 per-
cent of the UAV’s market; however, it is projected that with
growing industrial and recreational interests, the global non-
military drone’s market is expected to increase its share to
at least a half over the next decade [1]. The market size for
global non-military drones is estimated at 120 billion USD
in 2016 [2], while infrastructural projects alone account for
more than 40 billion USD [2]. There is also an increasing
interest towards this technology from the industry, especially
electrical utilities [3]-[5], and oil and gas operators [6]-[8].
Major service providers and delivery companies are looking
into deploying drones for routine delivery operations [9]—
[12]. UAVs are also used for scientific monitoring purposes,
such as water sampling [13], landslide [14] and volcanic
activity monitoring [15], [16] and civil structures health
check-up [17]. Some early attempts to design a drone able
to manipulate equipment remotely using highly dexterous
robotic arms are described in [18]. UAVs are also potentially
useful for search and surveillance operations in hazardous or
inaccessible areas [19]-[22] as well as for communication
and radio access [23]-[25].

Given increasing industrial interest and promising market
projections, this paper investigates existing technical barri-
ers that impede the higher rate of expansion of commercial
drone’s utilization.

Lack of battery capacity is considered as one of the cru-
cial technical challenges in modern UAVs applications [26].
On the one hand, mission duration of a typical small-scale
drone which can be used for monitoring operation is limited
to the capacity of its energy storage system. On the other
hand, from the standpoint of such drone’s applications as
electrical power line or gas pipelines’ inspection and monitor-
ing, the amount of time UAV can be autonomous should be as
long as possible. In addition to that, in some cases dispatching
a team of engineers to perform the inspection is not feasi-
ble or even impossible due to hazardous environment or inac-
cessibility of the destination, while a UAV provides a viable
alternative to accomplish this task. Therefore, there is an open
discussion on how to make UAV’s mission duration longer
and make drones more durable.

There are two options available to increase the flight
time. The first one is to increase the battery capacity, which
in the conditions of current state-of-the-art battery material
technologies is a very limited option. Precisely, the battery
might be too large for the drone to fly, or the material of
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the battery might be too expensive for the deployment to be
feasible.

The second option is to charge the battery from an external
source of energy intermittently. It can be either wired or wire-
less approaches. While the wired technique is associated with
some complexities such as insufficient mobility of a drone
during charging time; wireless options provide sufficiently
greater freedom of movement. Also, they can be applied on
request, in other words, the drone does not need to return to
its base for charging.

The review of existing literature sources on the subject
of UAV charging reveals that, apart from a conventional
charging type via a cord, there are numerous wireless options
to prolong UAVs’ mission duration. Gust soaring [27], solar
PV arrays installation [28], [29], laser beaming [30], wire-
less charging [31]-[33] and utilization of fuel cells [34] are
some of them to name a few. Also, some of the researchers
propose and recommend charging UAV via a transmission
line [35], [36]. Some of the solutions have been patented
in [37] and [38].

This paper reviews various techniques available in the
literature sources on the topic of wireless UAV charging.
They can be divided into two subcategories, namely non-
electromagnetic field (non-EMF) based and electromagnetic
field (EMF) based techniques. As it can be inferred from the
name the latter unites the methods which use the electro-
magnetic field as a source of energy or a means to transport
the energy to a UAV. On the other hand, the former groups
together all the wireless charging techniques, which exploit
any means of power gains except for electromagnetic field.
Approaches such as gust soaring, PV arrays installation, laser
beaming and battery dumping will be discussed in the follow-
ing section.

Il. NON-EMF BASED TECHNIQUES

In this section, we will introduce the non-EMF based tech-
niques, which can be utilized for prolonging UAV’s battery
life.

A. GUST SOARING

Gust or dynamic soaring is one of the options to prolong
UAVs’ mission duration [27], [39]. The basic principle of
dynamic soaring lays in gaining the energy from wind and
airflow by adjusting the trajectory of an object in a way that
captures uplifting airflow [27], [40], [41]. Numerical analysis
of the dynamic soaring is presented in [39] and [42].

The role models for this method are albatrosses [27] and it
has an interesting feature, which helps albatrosses to cover
large distances under very harsh sea weather conditions.
It was found that they could soar against the wind without
flapping their wings, i.e. without wasting energy [43]-[45].
The schematic description of an albatross in a dynamic soar-
ing manoeuvre is depicted in Fig. 1.

It can be seen from Fig.l that this trajectory allows
to extract energy from the wind, convert it into potential
energy and then back into kinetic energy. An albatross start-

29866

20 m/s

Wind Wind-Shear

—_—
5m/fs Layer //"\

// ,/ ZUrn_/s\
. ra
- /,

25

+«=" 15m/fs
A
No Wind

FIGURE 1. The dynamic soaring manoeuvre of a UAV [27].

ing from the no-wind area increases its altitude up to the
wind-shear layer. There, by adjusting its body and wings
position, it can harness the uplifting component of the wind
and gain speed as well as altitude. Once the lifting force is
not sufficient to further lift it, the albatross aligns its body
with the wind direction and descends rapidly. This manoeu-
vre facilitates gaining speed from the downwind stream and
conversion of the potential energy into the kinetic. As a result,
when the albatross crosses the shear layer and returns to its
starting point it obtains a substantial amount of energy from
the wind and increases its speed.

Thus, if a fixed-wing UAV mimics the same approach,
it can potentially gain energy from the environment, i.e. from
the wind. It is also concluded that the drone can potentially
fly much faster than an albatross in the dynamic soaring mode
due to its obvious higher strength and endurance. However,
deeper and more precise studies devoted to the behaviour of
albatrosses in the soaring flights are required to enhance the
control model of the UAV’s autopilot and create sufficiently
precise trajectory enabling substantial gains in energy har-
vested to replenish battery charge [27].

The main drawback of gust soaring is the fact that a drone
is quite dependent on the environmental conditions such as
wind and airflow [40], [42]. It cannot maintain position for
long, which is required for some of the industrial applications
such as surveillance, and border monitoring [46]. Moreover,
to employ this energy-harvesting mode, a sophisticated con-
trol system should be designed and installed on a drone.
Also, it is suitable only for fixed-wing drones, due to the
obvious presence of the sufficient wingspan to gain wind
energy. This fact limits the applicability of this method for
multi-rotor UAVs. It should also be understood, that dynamic
soaring energy harvesting mode is intermittent and non-
continuous, which should be taken into account while design-
ing the drone for such applications [40]. The movement
trajectory of a drone, as well as its kinematics, significantly
influences the energy extraction rate [40].

B. PV ARRAYS

Installation of the PV arrays is considered as another tech-
nique for prolonging UAVs’ mission duration. Normally,
PV cells are used to power a drone or recharge its battery
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when the solar irradiation is available. The battery, in turn,
is used for the operation during the night or the times when
the solar radiation is insufficient [47]. The topic of designing
PV systems for UAV applications has been under intensive
consideration by researchers for a long period. Some studies
have been published in the area of solar-powered UAV design
with particular emphasis on the important design parame-
ters such as cells arrangement and temperature response,
tilt angle [48]-[50]. Reinhardt ef al. [51] indicate that the
UAV’s battery type and capacity, time of the day and year
as well as payload are the most important parameters which
affect the mission duration of the PV powered aircraft, while
the efficiency of the photovoltaic cells and other electronic
components does not play a crucial role. Jashnani et al. [28]
emphasized that scaling of the UAV is an iterative process
and achieving feasible performance, i.e. long flight time, is a
trade-off between drone’s endurance and its physical dimen-
sions. In order to facilitate design efforts, the authors derived
a set of correlations of the drone parameters depending on the
payload [28].

The limitation of the PV powered UAVs is their depen-
dency on the solar radiation, which limits their applica-
bility to the daytime use only. Although, as presented
in [28] and [52], it is possible to enable a 24-hour oper-
ation, one should consider an alternative way to power a
UAV in the absence of the sun. Thus, one of the following
options can be helpful. It is possible to employ a backup
energy supply during night operation such as explained
in [34] and [53]. Another approach is increasing the UAV’s
battery size and subsequently the size of the PV array to
account for the absence of the sun during night time. More-
over, a sophisticated path-planning algorithm can be utilised
to gain energy from the environment and decrease battery dis-
charge [26], [54]. However, this, in turn, limits the flexibility
provided by the deployment of drones in areas requiring strict
moving trajectories or level flights [55].

Another important feature of this technique is the fact that
it is only applicable to the fixed-wing drones and practically
unfeasible for multi-rotor UAVs. Since PV panels require a
certain amount of space available at the vehicle to be installed
typical multi-rotor drone provides limited opportunities for
this technique’s implementation.

C. LASER BEAMING

Laser beaming is a way to prolong mission duration, which
is frequently used in military surveillance and intelligence
missions [30], [56], [57]. The principle of laser beaming is
schematically presented in Fig.2.

The external source of energy feeds the laser, which pro-
duces a concentrated and streamlined beam of light at a cer-
tain frequency and of a particular wavelength. This is directed
to the specifically designed photovoltaic cell, installed on
a UAV [58]. This PV cell is utilised to convert the laser
beam back into useful energy to recharge the battery of the
drone [59]. To enhance the efficiency of the energy transfer
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FIGURE 2. Laser beaming procedure for drone charging.
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a maximum power point tracking device can be installed
on a UAV.

The outcomes of the experiment conducted on a quadrotor
UAV equipped with a modified solar cell array capable of
receiving energy from an infrared laser via a laser beaming
technology are presented in [30]. The ultimate result of the
experiment conducted at Future of Flight Museum in Everett,
WA, was that the given quadcopter with a total mass of 1 kg
managed to stay aloft more than 12 hours in a row [30].This
technology applies to both fixed wing and multi-rotor UAVs
of various scale and is independent of the environmental
conditions. However, the largest drawback of this approach
is that a source of energy should be mobile and always close
to the UAV, which limits the feasibility of its use in some
of the long-range applications. Operational safety is another
concern. Lasers, in general, are considered a potential hazard
to the human health while working with high-intensity lasers
are only permitted if protective equipment is on [57]. Also,
lasers are restricted in some locations, especially within the
urban areas where they can cause severe disturbances to the
living environment.

D. BATTERY DUMPING

Another opportunity for prolonging UAV’s mission duration
is a battery dumping concept. Chang and Yu [60] propose to
dump empty battery packs of the UAV to decrease the drone’s
weight and consequently slightly increase the flight time.

The main idea of battery dumping is to divide the existing
battery pack of a drone into sections of either equal or unequal
capacity, connect them and detach sections once they are
fully discharged. This gives an opportunity to reduce the
total weight of a UAV and consequently decrease the amount
of energy required to power it. Thus, this strategy helps to
increase the mission duration of the aircraft marginally.

The analytical model of the UAV including lithium poly-
mer battery model underlines that the battery weight plays
one of the most important roles in determining UAVs’ mis-
sion duration. The analysis concludes that the battery pack
dumping is a promising technique to reduce the energy
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consumption of a UAV for large battery weight to total UAV
weight ratios. Also, it was highlighted that even though there
is an increase in endurance, the installation of the battery
dumping system onto the drone will increase the weight of
the aircraft and consequently decrease the net improvement.
The case study examines the aircraft with a battery-to-UAV
weight ratio of 30% and a payload of 0.8 kg. Using genetic
algorithm optimisation tool, the authors estimate the most
appropriate number and size of the battery segments as well as
compute the overall increase in mission duration. The results
show that the endurance of the UAV extends by 17.6% for
the level flight [60]. It was also revealed that the battery pack
dumping strategy is very important, i.e. evenly sized battery
packs result in lower endurance improvements compared to
those divided unevenly.

Some authors also propose to implement automated battery
changing stations [61], [62]. Under this technique, a drone
lands on a specifically designed platform and with the help
of automated manipulators the drone’s empty battery is
removed from the vehicle, while a new fully charged battery
is installed. Once the process is over, the drone can resume
its mission. In other words, instead of spending long periods
recharging at the station, a much faster (compared to conven-
tional charging) procedure of battery swapping is proposed
to be utilized [61]. Also, this automated technique reduces
effort spent on changing batteries of UAVs as well as min-
imising human participation in the process. This technique
can be applied to both fixed wing and multi-rotor drones.
However, to enable effective battery changing for long-range
applications a network of such changing points should be
created; otherwise, the drone will have to return to the base
for a battery change.

Ill. EMF-BASED TECHNIQUES: HIGH VOLTAGE POWER
LINE UAV CHARGING
High voltage power lines are also considered as one of the
options, which can be used to recharge UAV’s battery and
subsequently prolong mission duration. There are studies on
the potential of using the power lines electromagnetic field
for device charging [63] and some of them attempt to estimate
the amount of energy available for a drone to use around the
transmission line using magnetic field intensity [64]. More
formally, magnetic field intensity, H, is given as [33]:
l

i= 2rr M
where i is the current flowing through the transmission line
conductor, and r is the radius of the conductor.

Magnetic flux density can be obtained as [33]:

B = purpuoH (@)

where ., is the relative permeability, and pig is the free space
permeability. It is assumed that 11( is constant in the air, while
w, has high values in the order of 1-3 x 10°.

Magnetic flux will be given as [33]:

¢ = BA = uHA 3)

29868

where A is the cross-sectional area of the conductor, while
1 is the result of multiplication of ©o and p;-.

Using the following equation one could estimate the
amount of energy which is potentially available around
alternating-current-carrying conductor [33], energy density
around a wire:

AW _ 10 _ 2

av 2 TR0y

Based on this technique, [33] concluded that the amount
of energy available around a power line’s current carrying
conductor would be sufficient for charging UAVs. However,
at the same time, the authors point out that in real conditions
the interference of other magnetic fields should be taken into
account [64].

In addition to determining the amount of available energy
from the power lines, one needs to think of a way to har-
ness this energy and transfer it to the UAV. The most pop-
ular approach reported in the literature is wireless charging.
Some authors propose to land a UAV onto a power
line [35], [36], [38], while others suggest that charging with-
out landing is also feasible [37].

Moore and Tedrake in [35], [36] developed a technique
of navigating a fixed-wing UAV in the vicinity of the power
line based on its electromagnetic field. The ultimate goal of
the study was to enable a drone to sense the EMF of the
power line once close to it, then based on the reading of the
internal measurement equipment of the UAV tilt its airfoil
like an aeroplane in a landing manoeuvre and perch safely on
to the conductor. Then a charging procedure can be started.
As described in [38] a drone can grab a power line’s conductor
with a specially designed connector, which at the same time
resembles a magnetic core of the power transfer system of
the drone. Thus, once the connector is closed and the current
carrying conductor is within its envelope, the whole structure
represents a typical electromagnet, and the EMF generated
by the power line can be transferred via a magnetic core to
the conversion unit and then to the battery of the UAV [38].
A similar approach using inductive power transfer, which is
a subject for discussion in the further sections, is presented
in [37].

Along with abovementioned techniques, dynamic charg-
ing of a moving vehicle without landing is an interesting
option [65]. This approach implies that a drone is flying
over a power line and harness available energy from the
EMF of the conductors using one of the wireless charging
techniques. Although this technique is very promising and
presents an attractive solution for the problem of the drone’s
battery recharging, maintaining a strong coupling and high
efficiency of the power transfer during the movement is a
very challenging task. The attempts to accomplish dynamic
charging of an Electric Vehicle (EV) for inroad use have been
on the research agenda for more than half of a century [66].
However, commercial systems such as Oak Ridge National
Laboratory (ORNL) In-Motion Wireless Charging [66]
and Korean Institute of Science and Technology (KAIST)

“
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On Line Electric Vehicle (OLEV) [67] were introduced
around a decade ago and they are still not widespread.

On the other hand, the reports on dynamic charging of
UAVs are very rare and the area is still underdeveloped. The
main difference between the dynamic charging of a UAV
from the power line’s conductors and an EV from the tracks
built into the road is the fact that the shape, topology and
materials of the latter are specifically designed to provide
strong coupling between the transmitter and the receiver
during movement, while former are not. This means that
the coupling coefficient between the power line and the
UAV-side receiving coil will highly likely be out of control
and relatively low. In addition, in case of EVs, it is a nor-
mal practice to convert the source’s AC energy into high
frequency AC via an intermediate transformation into DC,
in order to gain control of the transmitter’s parameters and
adjust them as per necessity. On the other hand, the pow-
erline conductor, representing the source in case of UAV
charging is an ambient and uncontrolled low (50 or 60Hz)
frequency source of EMF. Taking into account the above-
mentioned facts, it becomes evident that the realization of the
proposed technique should predominantly rely on the drone’s
side equipment as well as available space and payload. Both
coupling coefficient adjustment and frequency management
should be done on board of the UAV. This challenge has not
yet been resolved and therefore dynamic wireless charging of
UAVs from the power lines is still an underexplored research
area.

Wireless charging techniques’ principles and associated
aspects will be discussed in the following sections.

IV. WIRELESS POWER TRANSFER

Wireless Power Transfer (WPT) is a process of transmitting
electromagnetic energy from the source of energy to receiver
without using any connecting cables between them [68]-[71].
The concept is known since the beginning of the twentieth
century when Nicola Tesla presented and patented his idea
of transmitting energy through the air without using any
intermediates [72].

A typical wireless power transfer system consists of
an energy emitting device or a transmitter connected
to the energy source, a transfer media and a receiving
device or receiver, connected to the load. The transmitter
converts electrical energy of the source into the *“time-varying
electromagnetic field”, it is then transferred to the receiver
via the transfer media, which then converts the electromag-
netic field back to the electric current [33]. The most illustra-
tive example of the given phenomenon is a power transformer
consisting of two coils, which are not physically connected.
In other words, they are separated and belong to different
electrical circuits.

WPT systems can be divided into two categories based
on the way of transmitting energy, i.e. radiative and
non-radiative [69]. Radiative WPT is characterised by low
efficiency and large distance of power transfer, while non-
radiative WPT is much more effective for small and medium
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range applications [69]. The non-radiative transfer is repre-
sented by the two most common techniques namely inductive
coupling and resonant inductive coupling [69].

A. INDUCTIVE POWER TRANSFER

Inductive Power Transfer (IPT) is a very popular approach
for short-range WPT applications; typically, the distance
between the transmitter and receiver in such cases does not
exceed several centimetres [69], [73]-[75]. It is often used in
wireless charging stations for low power appliances such as
cell phones, toothbrushes, medical implants etc. [76]

IPT’s efficiency can be as high as 90 percent at very high
power ratings. However, the distance plays a significant role
in power transfer using this method [75]. The transmission
efficiency is inversely proportional to the cube of the dis-
tance between the transmitter and receiver [77]. Thus, trans-
mission distance for effective IPT does not exceed several
centimetres [69]. Vertical and horizontal alignment between
receiver and transmitter coils greatly affects the performance
of the wireless transmission system [31], [69], [78], [79].
The further the distance between the coils, the smaller is
the efficiency of the transfer. It should be emphasized that
horizontal position has a greater value to the transfer effi-
ciency compared to the vertical alignment [78], [80]. Also,
as summarised in [81] angular misalignments of the coils
play a significant role, for example [79], [82], if small lat-
eral misalignments are considered, angular position mainly
determines the performance, while at large lateral disposition
angular mismatch can be neglected. Further, the coupling
factor between the stationary source and moving receiver is
relatively small, i.e. much less than a percent, compared to the
robust applications of IPT such as power transformers (up to
98 percent) or electrical motors (up to 92 percent) [83], [84].

A general relation representing the voltage created at the
moving receiver from a current carrying conductor of the
source [83], [85], [86]:

V x Q)Mlsource (5)

where M is the mutual inductance between the source and
the receiver; w is the operating frequency of the source
current, I,,ce- Thus, taking into account the fact that the
mutual inductance is very small, from (5) one can infer that
to increase the voltage at the receiver; it is necessary to either
increase the current of the source or its frequency [84]. The
typical frequency of operation for this technique varies from
tens of Hz up to several MHz [69]. Moreover, it should be
noted that the source current should be ‘“‘as sinusoidal as
possible” [83].

Itis also important to highlight that apart from the electrical
parameters of the wireless system, physical characteristics,
such as coil’s design and system’s topology are also crucial
for the IPT [85], [87]. Also, magnetic shielding is required
for the surrounding objects, since the IPT’s coupling is very
vulnerable to the presence of metallic objects [77].

Waffenshmidt and Staring conducted a set of experiments
comparing IPT and resonant coupled WPT. Fig. 3 represents
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FIGURE 3. Comparison of the resonant and non-resonant operation of a
WPT system for a good coupling factor k = 0.5 and a moderate quality
factor of the coils, Q = 10 [86].

the results of the experiments summarised as a graph. Here,
loss factor is the non-dimensional ratio of the actual losses
at either the transmitting (7x) or receiving (Rx) coils to the
output power, while the non-dimensional load matching fac-
tor shows how large the load resistance is in comparison to
the receiver’s characteristic impedance [88]. The aim is to
have the loss factor as low as possible, to enable most of the
useful energy transferred from the source to the load. As it
can be seen from the Fig. 3, resonant operation is much more
efficient than simple IPT since the losses in the system are
equal (loss factor is 1) or do not exceed the output power for
load matching factor less than or equal to one. On the other
hand, the IPT technique, for the same range of load matching
factors, demonstrates that the losses during the transfer are
significantly higher than for the resonant scenario. Precisely,
when the load is 100 times smaller than the characteristic
impedance of the IPT wireless link the losses in the system
will be 10 times larger than the output power. On the contrary,
resonant operation of the same wireless link under the same
load and characteristic impedance will result in losses equal
to the output power. However, the difference is not that drastic
when the coupling factor is relatively high, i.e. k = 0.5.
Fig. 4 illustrates a case when the coupling factor is ten times
less, while the quality of the coils, Q, is ten times larger to
account for the loss in the coupling. Quality of the coil can,
at this stage, be thought of as a ratio of the coil’s inductance
to the coils resistance. Large inductance and low resistance
characterize high quality coils and vice versa.

As it can be seen from Fig. 4, when the quality factor of
the coil increases the losses for the resonant approach become
smaller comparing to the output power.

However, the loss in the coupling factor significantly influ-
ences the IPT technique’s performance. In other words, with
the decrease in coupling factor the losses in the system
drastically increase and the lowest loss factor which can be
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FIGURE 4. Comparison of the resonant and non-resonant operation of a
WPT system for a poor coupling factor k = 0.05 and a high-quality factor
of the coils, Q = 1000 [86].

achieved is slightly less than one. This conclusion underpins
the principles of IPT’s operation, which relies heavily on the
coupling between the coils and when it is not enough the
losses in the system increase dramatically while the efficiency
plunges. Hence, comparing Fig. 3 and 4, one can notice that
resonant approach is more advantageous type of WPT for
various combinations of coupling conditions and quality of
the coils. However, what is more, important is the notion that
the IPT is strongly dependent on the coupling rate between
the Tx and Rx coils [88], [89]. Waffenshmidt and Star-
ing conclude and confirm a commonly accepted belief that
IPT is appropriate and effective for the applications when
transmitter and receiver are close to each other [88].

In case of employing IPT for UAV charging, the main point
of attention should be the charging range, i.e. the distance
between the power source and the drone. It should be as small
as possible since the efficiency drops significantly with the
distance. Also, lateral movements of the drone under this
approach should be minimised because the drop in transfer
efficiency is much more drastic when the coils are disposi-
tioned in the horizontal plane rather than situated vertically
far away from each other. Lateral, angular and vertical move-
ments of the drone, receiving coil as well as the power line
conductor will significantly influence the efficiency of WPT.

Therefore, these parameters need to be precisely controlled
and maintained. Such requirements may pose additional pres-
sure on the UAV’s control systems; require installing addi-
tional as well as improving existing control equipment and
strategies. Thus, taking into account the abovementioned
information, one can conclude that the most promising appli-
cations of IPT lay in, but are not limited to the field of
UAV charging stations where the vertical and horizontal
distances between the power source and the receiver are
stable and under control. However, considering the case of
deploying drones for the routine power line inspection, such
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wireless charging stations will have to be installed over the
entire length of the power line to enable reliable and efficient
power restoration.

B. RESONANT COUPLED WPT

The other technique namely Resonant Coupled WPT
(RC WPT) is insensitive to misalignments of coils and
is capable of transferring larger power over greater dis-
tances [69], [90]. This method has been introduced and
explained by a group of researchers from MIT [91]. It is
mainly based on the notion that two magnetically coupled
coils in a resonant mode, meaning that their magnetic field
oscillates at the same frequency, can exchange energy with-
out significant losses [69], [91]. The typical operating fre-
quency for this technique is reported to be in a range from
10 kHz to 200 MHz [69], [92]. The process can happen via
loosely or strongly coupled fields. The difference in quality
factors of coils, also referred to as Q-factors, determines the
type of coupling [65], [69]. Das Braman et al. [69] indicate
five main parameters that are affecting the coil design in
resonant coupling mode: they are namely power rating of the
system, coil geometry, Q-factor, frequency of the system and
coupling parameters.

When a coil connected to a capacitor is supplied with
energy, the energy will be transformed from the magnetic
field of the inductor into the electrical field of the capacitor
and back at a certain operating frequency until all the energy
is dissipated due to the losses, i.e. inductive and resistive. The
rate of dissipation is dependent on the internal parameters
of the coil, precisely, Q-factor. However, if the coil is con-
nected to another inductor operating at the same frequency,
the latter can draw the energy from the former, instead of that
energy being dissipated [69]. To understand the notion of the
Q-factor, the internal structure of the coil depicted
in Fig. 5 can be considered.

Lself Rp

—

Cself

FIGURE 5. Schematic representation of the induction coil [67].

Equation (6) presents an analytical way of estimating coil’s
Q-factor, Q [69]:

0=20_ 1 Lseyp _ @0Lselp (6)
2 Ry \ Cyerr R,

where R, Lg, Cs are the parasitic resistance, self-
inductance and self-capacitance of the coil, respectively;
w is the operating frequency of the coil; and I' is the intrinsic
loss rate of the coil.

Values of inductance and capacitance used in (6) can
be estimated as given in (7) and (8), respectively, if the
cross-sectional area of the coil, a is much less than
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its radius, r. [69]:

N 8re
L_ye[f = Mote In 7 —1.75 (7)
C : ®)
self =
self C!)%Lsg[f

The parasitic resistance of the coil’s wires should be low
to enable high Q-factors, which in turn leads to higher trans-
mission efficiency [69], [91]. This condition is effective for
both transmitting and receiving coils. Considering the case
of a typical high voltage transmission power line’s conduc-
tor, which may be perceived as an energy transmitter for
UAV charging, this requirement is fulfilled since the main
design aim for it is to decrease the resistance to a mini-
mum and subsequently reduce the losses. On the other hand,
its inductance is also relatively small. Moreover, since the
majority of the commercial power lines in the World operate
at 50 or 60 Hz conditions, the frequency term cannot signif-
icantly improve the performance of the conductor in terms
of quality. All the factors mentioned above, in turn, decrease
the power line’s quality factor in comparison with regular
transmitters, which are characterized by large inductances
and operated at higher frequencies.

The value of the parasitic resistance, R, can be calculated
as follows:

2lp

R, = 9
P Trywd ©

where [ is the length of the conductor, p is the conductive
material resistivity, and r,, is the radius of the wire.
The skin depth § is given as [69]:

2p
WHOMr

5= (10)

where 1 is the magnetic permeability of free space, and
1y is the magnetic permeability of the wire material.

It should be highlighted that this WPT approach is
insensitive to the surrounding non-metallic or non-magnetic
objects, which makes it very promising for daily applica-
tions [69], [93]. It is also relatively safe for people and does
not require any specific shielding [94]. Another advantage
of the resonant WPT approach is that it can potentially
transfer power to multiple receivers tuned at the resonant
frequency and, by analogy, such receivers can grab energy
from multiple sources [69], [95], [96]. There are two theories
which explain the processes occurring during the resonant
coupled WPT, namely Reflected Load Theory (RLT) pre-
dominantly employed by the engineers and Coupled Mode
Theory (CMT) frequently used by the physicists [97].

Wei et al. [98] conducted an overview of these theories.
The authors compare their mathematical models explaining
the processes occurring during the resonant coupled WPT.
It has been concluded that the underlying mechanisms of
power transfer are robustly represented by both of the the-
ories. This fact is proven by the convergence of the results in
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steady-state resonance mode, i.e. when both coils are already
operating at resonance frequency [98].

Kiani and Ghovanloo [99] and Hui et al. [100] also aimed
to evaluate CMT and RLT. The study presents the mathe-
matical modelling of resonant coupled WPT link for steady-
state and transient cases using CMT and RLT. It theoretically
proves that both theories provide the same results for the
steady-state resonant mode. However, for the transient mode,
i.e. when the coils are operating at frequencies very close to
resonance, the results of CMT converge with those of RLT if
the following conditions are satisfied: the quality factor of the
transmitting coils used in CMT are significantly large, and the
coupling coefficient between them is small enough. In other
words, for the results of CMT and RLT to converge the coils
should be placed far enough apart. This fact limits the appli-
cability of the CMT in transient analysis. In addition to the
theoretical proof, the paper provides results of the simulations
made in MATLAB and LT-SPICE verifying the accuracy of
the derived mathematical models. Furthermore, the theoreti-
cal estimations are checked against the experimental values
obtained from the laboratory experiment. The results show
that the theoretical estimations both for CMT and RLT have
shown high accuracy in the steady-state resonant transfer
mode [99].

V. RC WPT EXPLAINED VIA RLT

The given section focuses on exploring resonant coupled
WPT using reflected load theory. A thorough analysis has
been presented by Kiani and Ghovanloo [99]. Fig. 6 repre-
sents two inductively connected coils which transfer power
using resonant WPT.

k12
c R1 R2
AT
VS%; 11 % g L2 czI_|_ %Rload

FIGURE 6. Two-coil WPT system.

The resonant condition can be parametrically represented
as follows:

1 1
VL1 Ch N VL2 Co

where w is the resonant frequency of the two LC circuits.

Resonant frequency is one of the crucial parameters deter-
mining the overall performance of the wireless power trans-
fer. Generally, as it can be seen from (6) the increase in
frequency leads to the rise in quality factors of the coils. This
in turn increases the overall performance of a wireless link,
including transfer efficiency. Moreover, considering (11) it
can be observed that a given resonant frequency is inversely
proportional to as well as is determined by a combination of
coil’s self-inductance and parasitic capacitance. Higher oper-
ating frequency implies lower inductance and capacitance
values required to be used to achieve resonance. In practi-
cal terms, this means that smaller and lighter sizes of the

(11)
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hardware can be employed. This is particularly beneficial for
the drones’ applications. Since the payload of the drone is
limited, the size of the inductor and the resonating capacitor
installed on it needs to be minimized. Therefore, the choice
of the resonant frequency tends to higher frequencies since
the size and the weight of the UAV-side components in that
case will be lower.

Moreover, maintaining a stable resonant mode is of
immense importance for the efficiency of the WPT. However,
even small fluctuations in the combinations of inductance
and capacitance may cause sever deviations of the resulting
resonant frequency. Therefore, the electronic components
should be of a high quality as well as should have very
precise parameters. In practice, most of the electronic devices
have a certain tolerance, ranging typically from plus to minus
10 percent of the nominal value. Such tolerances are too loose
for the frequency tuning applications and stricter tolerances
are needed [101]. Alternatively, a variable capacitance and
a tuning inductance may be installed to adjust the resonant
frequency.

However, taking into account the fact that the standard
power line’s frequencies utilized in the industry are 50 or
60 Hz, the sizes of the receiver’s inductances and capacitances
will be considerably large.

According to [91], [93], [99], and [100] the transfer effi-
ciency between two inductances in resonant WPT mode
depends on the mutual inductance k> and the quality factors
of the coils of L; and L, which are determined

using (12) and (13):
01 = vt (12)
Ry
Ly
O = 60R—2 (13)

The intrinsic resistance of the coil L, which is denoted
as Rp can be represented as a parallel load connected to
L, using the following relation [99]:

Rp2 = Q3R> (14)

Thus, having (14) in mind, the circuit in Fig.6 in a resonant
mode can be represented using projecting the load connected
to Lp onto the circuit containing a source of energy V.
Fig. 7 displays the equivalent circuit for the reflected load.

Reflected capacitance, C,y and reflected resistance,
Ryes from Fig. 7, can be determined using the following
relations [99]:

Ly
Ryep = k%zL—zR,,r = k2wl Qo (15)
L,Cy 1
Crop = =2 = —— 16
Tk oLkl (10

where R, is the product of connecting R, and Rp; in
parallel; Oy is the loaded quality factor of the coil Ly, which
can be calculated as follows:

R
Oy = wZ (17)
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FIGURE 7. The equivalent circuit for the reflected load case.

During the resonance the capacitive load Cy,r and inductive
term k122L1 are eliminated leaving only the resistive com-
ponents, Ry and R,,s connected to the source circuit [99].
Thus, the power provided by Vj is distributed proportion-
ally between them, i.e. some amount is dissipated as heat
at Ry while the rest is the power transferred wirelessly.

The efficiency of the transfer can be estimated as:

Ry R k?

Na= ref % P2 _ 122Q1Q2L X% (18)
Ri+Rrr  Rp2+Rioad  14+ki,01020  OL
where Q7 = Rpoad/®wL> is a load quality factor. Thus,

the loaded quality factor of coil L, can be obtained as:
0201
O = +— — (19)
0>+ 0r

Equation (18) underpins the early mentioned idea that high
mutual inductance and quality factors of the coils are neces-
sary to maximise the efficiency of the transfer. It also suggests
that to maximise the efficiency one can select an optimal
load, Q1. opr. This can be proven by differentiating (18) with
respect to Qr, [99]:

O

OL.0oPT = ———=
\V 1+ k122Q1Q2

However, maximising energy efficiency of the WPT sys-
tem is not always possible and desirable. The following
section will introduce two fundamental concepts of the WPT,
which determine the characteristics of the system and their
applicability.

(20)

VI. RESONANT WPT CONCEPTS

To properly design WPT system, it is crucial to be familiar
with the two fundamental concepts namely Maximum Power
Transfer (MPT) and Maximum Energy Efficiency (MEE).
It is also important to understand their advantages and disad-
vantages because the choice of the principle will determine
the efficiency of the system and transmission range.

MPT concept specifies the conditions, which allow trans-
ferring the largest power possible for the given system
over the largest distance. This can be achieved in any
WPT system if load and source impedances are equal to each
other [69], [100], [102]:

Rsource = Rioad
Xsource = Xload (21)
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In this case, the total energy efficiency of the WPT system
can be calculated as follows [69]:

Rload
Rsource + Rioad

ileoad
NMPT = - =

- =05 (22)
lstource + lleoad

From (22) it is evident that if MPT condition specified
in (21) is fulfilled, then the efficiency of the WPT, in this
case, will not exceed 50 percent, i.e. half of the energy will
be dissipated at the power source [69]. This phenomenon has
been tested by the researchers at MIT [91]. They employed
MPT concept to transfer 80 W over the distance of about 2 m.
The outcome of the experiment was as follows. The efficiency
of the transfer, i.e. the ratio of the power captured by the
receiver over the power sent by the transmitter, has been
reported to be around 40 percent. The overall efficiency of the
system, in other words, power received by the load divided by
the power produced at the source, in turn, has been reported to
be less than 15 percent [91]. From this example, it is evident
that by employing MPT a significant amount of power can be
transferred over a substantially long wireless link. However,
the overall efficiency of this transfer will be very poor [102].
It can also be concluded that MPT is applicable in the fields
where the efficiency of the WPT is not the main priority, while
the power rating and transfer range should be large enough.

On the other hand, MEE concept specifies the conditions,
which allow achieving a higher overall energy efficiency of
the transfer. Under this approach, the power rating of the
system is disregarded. The maximum transferable power is
determined by the parameters of the circuit, which provide
maximum efficiency of the transfer and can be different from
that determined by the MPT. Also, transfer distance is very
limited, since MEE is heavily dependent on high coupling
coefficients, which in turn correspond to relatively short gaps
between transmitting and receiving coils [69].

MEE approach is achieved by means of decreasing losses
at the power source, isz,me. To realize this condition,
the impedance of the source should be as low as possible.
It is also important to minimise the resistance and impedance
of the transmitting and receiving coils [90], [99]. Copper tube
or Litz wire utilized as a material for manufacturing of coils
can reduce losses in the wires [69]. Moreover, comparing
to MPT, this approach allows achieving efficiency levels of
more than 50 percent. However, the distance between the
transmitter and the receiver is a limiting factor of MEE,
since this approach requires high coupling coefficients to be
utilised [69]. In other words, the transmission distance should
be very small for MEE. To extend the range, one can con-
sider an option to put several intermediate coils, also called
magnetic repeaters in between the transmitting and receiving
coils [69], [100]. Thus, considering the conditions required
for MPT and MEE realization, one can notice that in the
first case the impedance of the source should be equal to the
impedance of the load, while for the second case the source
impedance should be as low as possible. In practice, these two
conditions are very hard to be fulfilled simultaneously.
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Considering the case of charging a UAV from a power-
line conductor inflight, there are several design points which
needs to be carefully considered. Firstly, the power line’s
parameters and output cannot be regulated, and therefore the
management of the source impedance is out of control. There-
fore, realization of MPT and MEE in this case is a highly
challenging task as the only controllable parameters are those
possessed by the UAV. It is of course possible to embed addi-
tional electronics such as impedance matching or maximum
power point tracking cascades, but this action in turn will
significantly increase the overall weight of the drone so that
it may not be able to take off.

Secondly, from the standpoint of MEE, the distance
between the UAV’s coil and the power line should be mini-
mized. Therefore, the drone, or to be more specific its receiv-
ing coil in a charging maneuver should be positioned as close
to and as stable relative to the conductor as possible. In case of
IPT it should even be in a range of several millimeters from
the line. This will highly likely require improving existing
control system of the UAV and add supplementary control
mechanism to provide stability and precise positioning of
the UAV as well as its receiving coil. Moreover, ground level
remote control strategies will require additional improvement
in order to position the drone with a millimeter tolerance
when it is kilometres away.

Therefore, it is of immense importance to be aware of the
benefits provided by those approaches and apply them in the
most advantageous way for a specific application.

VII. FREQUENCY SPLITTING

Consider a four coil resonant WPT system shown
in Fig.8 under the MPT approach. Such topology is character-
ized by a higher transfer (source to load) range than analogous
two coil system due to the additional distance provided by
the drive and load loops. It is advantageous to be utilized
for the wireless charging stations, which may be installed
on a power line’s towers. The concept of such stations has
been described and thoroughly discussed in [101], where
the energy is transferred from the power line’s conductor to
the load via numerous transmitting coils embedded into the
high voltage insulation string. Similar approach can be used
to establish a charging infrastructure for UAVs employed
in power line monitoring operations. Although, the system
is relatively robust compared to inflight battery charging,

Drive loop Tx Coil Rx Cail Load loop
| |
I ]
a ca

Rsource Rp1 Rp2 Rp3 Rp4
§ Rload

Q= _-—a

Vsource L1 L2 L3 L4

k23

FIGURE 8. Four coil resonant WPT system [102].
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the cost of the infrastructure and limited mobility of the drone
during charging are two open questions and major points of
interest under this approach. Moreover, such systems have not
yet been commercially realized and tested. Thus, they present
an interesting opportunity for further research.

While increasing the coupling k3 an interesting
phenomenon called frequency  splitting can be
observed [103], [104].

According to a study by Sample et al. [105], WPT sys-
tems can operate at three different coupling levels, namely
under coupled, over coupled and critically coupled modes.
The under coupled mode is characterised by low coupling
coefficient between the transmitting and receiving coils and
overall low power transfer rating of the system. The critical
coupling happens when the two coils are tuned at the resonant
frequency. It can also be thought of as a distance between the
coils at which maximum efficiency can be realised [105]. The
coupling at this distance can also be named as critical, k¢yitical -
If the distance between the coils continues to decrease,
it will lead to the increase in coupling coefficient k3.
If k23 > keriricar, then the circuit will be operating in the over
coupled region, where a frequency splitting phenomenon can
be observed. This phenomenon manifests itself as the case
when two resonant frequencies instead of one can be possible
for a given system operating in the over coupled mode. More-
over, both of them can be used for WPT. Fig. 9 represents the
frequency splitting phenomenon using plotting the relation of
the scattering parameter S, with respect to the frequency and
coupling coefficient:

Sy =2 Rsource
Vsource

(23)
Rioad

The scattering parameter is directly related to the transfer
function of the WPT [105], [106].
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FIGURE 9. Representation of the frequency splitting phenomenon in the
over coupled region [102].

The lower frequency mode is characterised by in-phase
currents in the transmitting and receiving coils, while for the
higher frequency the currents are out of phase [105]-[108].

As [98] and [109] have discussed, frequency splitting is
not a disadvantage of the topology, but a consequence of
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over-coupling and aiming for higher power transfer capa-
bilities of the WPT system. However, it may cause some
problems in terms of maintaining a resonant coupled regime.
In other words, when a system is tuned at a certain resonant
frequency, it should not operate at the over coupled region
because if the coupling is too large, the frequency splitting
will alter the resonance frequency.

Consequently, some means of adjusting coupling rate or dis-
tance between transmitter and receiver, or operating fre-
quency will be required to compensate for this phenomenon.
A thorough review of compensating measures is given
in [105]. Considering the influence of frequency splitting
on the UAV, it is evident that to compensate for this phe-
nomenon some strict control algorithms guiding the operating
conditions of the drone during resonant WPT should be
employed. Also, some means of frequency adjustment can be
implemented. However, this option can potentially increase
the hardware weight of the UAV, subsequently increasing the
overall mass of the vehicle and reducing the flight time and
distance, which is not desirable.

Thus, having considered the information presented above,
it is possible to conclude that resonant WPT technique can
potentially transfer a significant amount of power over rel-
atively large distances without a considerable reduction in
efficiency. Also, it enables a stable coupling between the
transmitter and receiver as long as they are synchronised at
the same resonant frequency. These features of the technol-
ogy make it particularly interesting for the UAV charging
applications, including dynamic charging of a moving drone.

Examples of WPT applications in the field of drone charg-
ing reported by the literature will be presented in the follow-
ing section.

VIIl. WIRELESS CHARGING OF UAVs

The scenario which is of primary interest of this article
implies that a utility drone during the monitoring mission
can potentially use the power line conductors as a source of
energy to recharge its own batteries and prolong its mission
duration. However, this approach has rarely been considered
and reported in the literature on the subject. In fact, the topic
of UAV charging has not yet been thoroughly discussed and
has potential for intensive exploration.

This section presents a brief overview of the approaches
and techniques reported in the scientific community on the
subject of UAV charging using both wireless power transfer
technologies, i.e. IPT and resonant WPT, with a particular
emphasis on the charging from power line’s conductors.

The potential application of Wireless Energy Trans-
fer (WET) for charging moving quadrotor UAV from the
power line conductors has been discussed in [33]. The authors
conclude that the amount of power which can potentially be
extracted from the transmission lines should be enough to
restore the UAV’s battery.

Practical implementation of this approach has been pub-
lished in [64] as a continuation of the previously published
work of the authors. It presents the idea of using strongly
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coupled resonance principle for WPT due to its high trans-
mission efficiency and larger transfer distance. The source
of the power is the transmission line’s conductor connected
wirelessly to a transmitter’s side of the UAV recharge station.
The drone equipped with a receiving coil is assumed to land
on the receiving unit mentioned above and restore its battery
via RC WPT technique. The study also demonstrates experi-
mental results received from a tabletop power line model. The
setup consisted of a 10 A current carrying wire connected to a
240V AC source of 50 Hz and a 250-turn solenoid of 59 mm
in diameter and 107 mm in length of an overall inductance
of 1.41-1.39 mH. The voltage induced by the line was 10V,
which led authors to a conclusion that the amount of power
available from a real power line will be large enough to
recharge a typical drone’s battery of 5200 mAh.

Wang and Ma [110] also present a concept of wireless
drone charging using a specifically designed charging station
located on a power line. However, they propose to use a self-
sustaining PV powered charging station based on the RC
WPT principles. The article describes the whole charging
process and design procedure for various system’s elements.
They present a principal layout of the wireless power transfer
system and conclude that a stable power transfer of 130 W
over a distance of 50 mm can be achieved. The article pro-
poses that the implementation of a network of such charging
stations will significantly improve the drones’ applicability
and enhance their deployment.

Even though the concept has potential for implementation
it still implies creating an infrastructure of charging pads for
the UAVs along the entire length of the power line to be
monitored. The authors, however, do not consider the costs of
the infrastructural developments, electromagnetic shielding
challenges and safety of such systems’ operation.

Alternative wireless charging techniques for UAVs
reported in the literature predominantly rely on the external
sources of energy and transmitters operating at frequencies
much higher than 50 or 60 Hz. Dunbar ef al. in [32] reported
on a wireless charging system’s architecture for a micro-UAV
utilizing 5.9 GHz frequency to transfer 10 W and charge the
installed battery wirelessly via an integrated rectifier antennas
(rectenna). The overall performance of the system is managed
by a micro-controller which is capable of maximum power
point tracking [32]. Wang and Ma [110] employed the fre-
quency of approximately 38 kHz for their wireless charging
station. The study [111] proposed to operate at 12 MHz in
order to boost the quality factors of the coils and achieve
high transfer efficiency. Despite the fact that the operational
frequencies utilized for UAV charging vary significantly in a
range from kHz to GHz, the trend of increasing them as much
as possible in order to enhance efficiency of the transfer can
be observed.

The UAVs are also used in a reversed way, i.e. drones
can charge other devices using the principles of
WPT [17], [77]. Griffin and Detweiler [77] report on the
procedure to design a device which can be installed on
a quadrotor UAV to transfer power from the battery to

29875



IEEE Access

M. Lu et al.: Wireless Charging Techniques for UAVs: Review, Reconceptualization, and Extension

the remotely positioned sensors. The authors managed to
transfer on average 4.43 W from the drone to the ground
gadgets [77], [112]. It was also identified that small move-
ments of quadrotor, even those in steady state position,
can significantly affect the power output of the resonant
WPT system [77]. This fact highlights the need for precise
control mechanisms to be installed on UAVs in order to
accurately locate and stably maintain the position between
the transmitter and the receiver.

Thus, the existing research efforts over the past decade
have been intensively directed towards the challenges associ-
ated with UAV charging. However, due to a better control over
the power output parameters and ease of stable positioning,
most of them tend to the development of the wireless charging
stations and/or adaptors, ignoring the opportunities provided
by the electromagnetic fields of power lines in the free space.
The following section attempts to assess the opportunities
provided by the power lines by means of testing the WPT
in the laboratory conditions.

IX. PRELIMINARY TEST OF THE PROPOSED CONCEPT
Having reviewed techniques commonly employed to prolong
UAVs’ mission duration, it was decided to test a hypoth-
esis that a drone can potentially harness energy from the
electromagnetic field of a high voltage power line using
either IPT or RC WPT. For the laboratory experiment, the
IPT technique has been chosen due to its simplicity of imple-
mentation and well-studied principles of operation described
in Section IV.

A. HIGH VOLTAGE POWER LINE EMULATION
To reconstruct a high voltage power line in the laboratory
environment, the setup shown in Fig. 10 is used.

It consists of an AC power source which is connected
to a resistive load bank via a distribution transformer. The
connection from the secondary side of the transformer to
the load is accomplished using three insulated cables rated
at 12 A. They are all connected to a single phase, which makes
them suitable to carry a net current of 36 A.

The setup is capable of producing up to 30 A of net current
in the conductors. According to (5), the voltage induced
into the receiver is proportional to the source’s current,
the effect of mutual coupling and supply frequency is not
considered.

To harness the energy produced by the current carrying
conductors and available via the electromagnetic field, a set
of three coils has been manufactured. The first coil, Coil 1,
is 85 mm in diameter, a multi-layered 50-turn coil made of
1-mm-thick enamelled copper wire. The second coil, Coil 2
and the third coil, Coil 3, are 85 mm in diameter, made
of 0.6-mm-thick insulated aluminium wire and have 25 and
50 turns, respectively. They are all placed in the close vicinity
of the current carrying conductors, and their output voltages
are measured with respect to the distance from the cables and
the current flowing in the power line’s prototype.
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(b)

FIGURE 10. Power line emulation setup, (a) side view, (b) close view.

B. EXPERIMENTS

The first experiment conducted aims to identify what is the
magnitude of the voltage which can be induced by the pow-
erline’s electromagnetic field into a simple coil placed nearby.
According to Gupta et al. [63], the voltage induced into a coil
with N number of turns and cross-sectional area, A, placed
at a distance, d from the conductor carrying current, / can be
estimated as follows:

V= d¢  uNAclwocos(wot)
dt 2rd

(24)

Considering (24), one can notice that the induced voltage
is directly related to the number of coil’s turns, the coil’s
cross-sectional area which is subjected to the field, the current
flowing in the conductor as well as its frequency. On the other
hand, the voltage is inversely proportional to the distance of
the coil from the conductor. It should also be highlighted that
since the operating frequency of the power line is predomi-
nantly 50 or 60 Hz the term w( will be treated as a constant
and its influence on the voltage under these experimental
conditions will not be investigated. During the first experi-
ment Coil 1 is placed into the electromagnetic field of the
conductors carrying some 30 A net current. Fig. 11 depicts
the results of the experiment.
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FIGURE 11. Voltage signal received at Coil 1 with respect to the distance
from the current carrying conductor.

The voltage received by the coil is in a range from 3.2 mV
up to 13.8 mV, and as predicted by (24) it is inversely propor-
tional to the distance from the conductor. This, in turn, means
that to receive the maximum voltage level, one needs to place
the receiver as close to the source as possible.

The second experiment investigates the influence of the
number of coil’s turns on the voltage level obtained. To do
so, Coils 2 and 3 are placed close to the current carrying
conductor. Fig. 12 presents the results.
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FIGURE 12. A voltage signal received at Coil 2 and 3 with respect to the
distance from the current carrying conductor.

As it can be seen, the voltage levels induced into Coil 2 at
the respective distances from the conductor are much less
than those received by Coil 3. It also needs to be pointed
out that the voltage level of Coil 2 at a distance 100 mm is
not exactly zero, but is slightly less than 2 mV, which is the
sensitivity threshold of the multimeter employed.

The third experiment aims to demonstrate the influence
of the current flowing in the power line on the voltage level
received by a coil placed in its electromagnetic field. Coil 1 is
used for this test. Fig. 13 plots a family of voltage curves for
different values of current flowing in the conductor.

It is evident that with the increase in current the voltage
level induced into Coil 1 is increased at various distances.
This fact underpins the proposed technique of wireless charg-
ing of UAVs from the power line conductors. Precisely,
the current rating of the real power lines is much higher

VOLUME 6, 2018
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FIGURE 13. A voltage signal received at Coil 1 with respect to the
distance from the conductor and the current flowing in it.

than that demonstrated in the experiment, and consequently,
the voltage received by the coil will be much greater than that
achieved in the first experiment.

Thus, one can observe that the correlation described
by (24) was successfully verified in practice and the proposed
approach to charge drone’s batteries wirelessly via the elec-
tromagnetic field of the power line conductors is a promising
technique which can be studied further.

However, as it can be noticed the voltage level induced
into the receiving coil is extremely low ranging from 2 mV
to 13 mV depending on the distance from the conductor.
Moreover, it is AC voltage, while DC energy storage powers
a typical UAV. These two aspects need to be addressed to
implement the proposed technique.

One way to overcome the challenge of low induced volt-
age is to use an amplification circuit. To verify the valid-
ity of the approach simple single layer common-emitter
NPN-transistor-based amplifier with a gain of approxi-
mately 140 has been assembled and connected to the Coil 1.
The amplification circuit is powered by two 9 V batteries
connected in parallel. The given assembly is then subjected
to the electromagnetic field of the conductors carrying 30 A.
The results of the experiment demonstrating the amplified
and non-amplified voltage levels are depicted in Fig. 14.

From Fig.14 it is evident that the voltage at the coil can be
considerably increased utilizing standard electronics circuits
and components such as transistors, resistors and capacitors.
Also, they are relatively light and will not present a significant
burden to the UAV in terms of weight. Consequently, they will
not drastically decrease the payload.

Also, it is important to investigate into the power output of
the system under the different loading conditions. To accom-
plish this task, various resistors ranging from 500 Ohm to
1 MOhm are connected to the amplifier’s output. Fig. 15 rep-
resents the amplified voltage characteristics of the coil under
the different loading conditions.

Considering Fig. 15 one can notice that the trend
of decreasing voltage with the increase in distance
between the unloaded coil and the power line represented
in Fig. 11 remains even when a substantial load is connected.
However, when the burden connected to the system grows,
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FIGURE 14. Amplified vs. non-amplified induced voltage in the coil.
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FIGURE 15. Correlation of the amplified voltage to the load applied to
the system.

the voltage applied to it exponentially increases and stabilizes
at a certain point.

On the other hand, the current flowing through the load
follows a hyperbolic pattern and sharply decreases to zero
with the increase in load. The correlation of the current
flowing through the load is presented in Fig. 16.

It is also important to highlight that the current measured
in the given system varies from 0.4 A to some 190 uA.
Since the coil is carrying current in the range of wA, the
cross-sectional area of the wire which it is made from can
be reduced, while the number of turns can be increased.

Consequently, the voltage induced in the coil will grow,
while the weight remains the same. Precisely, Coil 1 used
in the experiments has a wire’s diameter of 1 mm, which
according to [113] corresponds to American Wire Gauge
(AWG) size 18 and can carry up to 14 A. This can be
considered as overrating the system and therefore, presents
an opportunity for coil design optimisation. In other words,
the thickness of the Coil 1 wire can be reduced to AWG 26,
which can carry roughly 1 A, while having a diameter of
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FIGURE 16. Current with respect to the load.

some 0.4 mm. According to [113], each coil turn, in this
case, will weigh some 0.6 g. Having considered that the
total weight of 50-turn Coil 1 is some 100 g, it is possible
to manufacture a 150-turn coil using thinner AWG 26 wire,
which will weigh approximately 90 g and still be able to carry
the currents produced during the WPT process.

The power supplied to the load is also estimated at the level
of micro Watts. The graph representing the power received
with respect to the load is provided in Fig. 17.

One can notice that the power increases with the load,
reaches its peak at some 5000 Ohm, sharply plunges and goes
to zero as the burden goes to infinity.

From the results presented in Figs. 15-17 it can be con-
cluded that the load connected to the coil also plays a sig-
nificant role in determining the output characteristics of the
wireless transfer link along with the distance of the receiver
from the current carrying conductors. It is important to note
that there is a specific burden value which maximises the
power input to the system. Moreover, since the power input is
constant, it can be concluded that the efficiency of the power
transfer reaches its peak at a certain load, while for other
burdens it will be smaller.

Considering, the output power produced by the given sys-
tem, it is proposed to estimate the amount of energy which
can be obtained from the power line’s conductor.

From Fig. 17, one can notice that 100 ©W can be produced
at a distance of 10 mm from the conductor. This amount is
produced in the 1 sec period. Consequently, the amount of
energy, E produced in an hour by applying power, P will be
equal to:

E= / Pdt = 100uW x 3600s = 360mWh  (25)
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FIGURE 17. Power supplied with respect to the load.

This amount of energy can be supplied to the load by means
of using a Coil 1 subjected to the electromagnetic field of the
conductors carrying roughly 30 A.

On the other hand, a typical sub-transmission level power-
line conductor connected to the transformer rated at 63 kV
and 400 MVA carries the current level Is7, which can be
estimated as follows:

[ _400MVA
ST= /3 x 63kV

Thus, if the same coil is subjected to the field of the
conductor carrying 3670 A, which some 120 times larger
than the experimental condition, then, based on (24) and the
experimental outputs the energy produced by the coil in one
hour will be estimated at 43.2 Wh. A typical drone’s battery,
on the other hand, contains 2200 mAh at the 11.1 V, which
amounts in 24.42 Wh of energy. Thus, one can notice that
the energy available from the power line is 80 percent greater
than that is required for the battery to be recharged.

However, it should be highlighted that the power source
to load efficiency is negligibly low under this approach. Pre-
cisely, the supplied power provided by the conductors of
the setup carrying 30 A at 42 V is equal to 1260 W, while
the receiver coil’s output amounts in approximately 300 ©A
at 13.5 mV. Thus, the overall efficiency of the power transfer
tends to 0, which in comparison with the maximum possible
efficiency under the IPT reported in other sources is a very
poor performance.

The main reason for this is the fact that at such low fre-
quencies the quality factors of both the receiving coil and the
transmitting conductor are extremely low.

Considering the Coil 1 from the experiment, the resis-
tance of the coil, R, is estimated to be equal to

~ 3670A (26)
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approximately 0.29 Ohm via the following equation:

Reoit = pk (27)
Se
where, p is resistivity of copper, which is considered to be
equal to 1.68 x 10 — 8 Ohm x m, /. is the length of the coil’s
conductor in meters, S, is the coil conductor’s cross sectional
area measured in square meters.

On the other hand, the coil’s inductance has been estimated
to be equal to some 114 uH using ANSYS Electromagnet-
ics simulation, which was proven to be accurate enough by
Rakhymbay et al. [114]. Substituting the parameters of induc-
tance, resistance and frequency into (6), it can be possible
to estimate the quality factor of the coil. In fact, it amounts
in 0.02, which is negligibly small for the application pro-
posed. On the other hand, applying similar approach to esti-
mate the quality factor of a circular power line conductor with
a diameter of 3 mm used in the experiment, it was revealed
that it is equal to 0.15.

Considering the parameters calculated above, it can be
expected that the low coupling coefficient, which ranged from
0.005 to 0.03 as per the Fig. 18 will lead to low efficiency.

0.035 Conpg st T——
0.030
0.025
0.020
0.015
0.010

Coupling coefficient

0.005

0.00
8.01 25.00 50.00 75.00

Transmission distance, [mm]

100.00

FIGURE 18. Powerline conductor and receiving coil coupling coefficient
estimation.

Substituting the values of the load where the system’s
efficiency reaches its peak, the quality factors for conductor
and receiving coil as well as the coupling coefficient shown
in Fig. 18 into (18) and (19), it becomes evident that the
power transfer efficiency tends to zero, which was proven by
the experimental analysis above. This in turn demonstrates
relatively good alignment of the mathematical model for the
WPT presented in Section V and the practical tests shown
in Section VIIIL.

Improving the performance of wireless links at very low
frequencies, especially standard frequencies of 50 and 60 Hz,
is one of the major technical challenges associated with the
implementation of WPT for charging drones from the electric
power lines.

One way to address the challenge is to utilize principles of
RC WPT for charging. This puts a set of questions for discus-
sions forward. Firstly, since the optimal operational range for
RC WPT technique lay in kHz to MHz region, it is necessary
to bring the wireless link’s frequency from 50 or 60 Hz up
to that level. Another point of attention stemming from the
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latter statement is whether the frequency conversion process
should happen on board the UAV or at the power line’s side.
In case of onboard conversion, the space and allowable weight
of the conversion and WPT equipment are seriously limited
by the drone’s frame and payload, respectively. On the other
hand, installations on the power line towers will raise the
questions of electromagnetic interference, shielding as well
as the infrastructural costs and maintenance.

Secondly, if operating at the standard frequencies of the
power line’s EMF, is it possible to achieve reasonable effi-
ciency level of at least 50 percent provided by the MPT
approach. In addition, having (11) in mind lower frequencies
mean larger resonating equipment, i.e. inductor and capacitor,
which in turn pose a pressure on the payload and available
useful volume of the UAV.

Thirdly, the issue of magnetic interference and shielding
needs to be carefully considered. Although, the body of
the drone predominantly consists of non-magnetic materials,
other materials surrounding the UAV while chagrining as well
as its electronics may interfere and create undesired losses.

The future work on the proposed charging scheme will
include further amplification of the induced voltage to the
level suitable for charging, rectification of the AC signal
received by the coil as well as charging a sample battery
using this technique. Also, another important topic is to study
the electromagnetic field of the power line conductors to
determine the most efficient point for wireless transfer. More-
over, dynamic charging of the UAVs from the power lines
is an interesting technique which needs to be investigated.
RC WPT is considered as one of the potentially suitable
approaches to accomplish this.

However, it has not yet been studied in the context of
high voltage power lines. It is also crucial to investigate the
receiving coil geometry and its influence on the parameters of
the WPT under the described scenario. Multiple coil arrange-
ments are thought to be an opportunity to enhance the energy
harvesting rate of the proposed system as well as increase the
power output.

X. CONCLUSION

This study reviewed the techniques most frequently
employed for extending UAVs flight range and mission
duration. Hence, gust soaring method, which is inspired by
the behaviour of albatrosses, helps to gain energy from the
naturally occurring sources of energy such as wind. Under
this technique, a UAV adjusts its trajectory in such a way
that employs wind velocity to increase its speed. On the
other hand, the drone in this mode of operation becomes
too dependent on the intermittent environmental conditions.
Therefore, this fact should be considered in the design of
the UAV. Also, the drone utilizing this approach, cannot main-
tain stable position for a sufficiently long period, which can
be required for certain applications, since it needs to follow a
specific trajectory to harness energy and subsequently move
continuously. Moreover, this technique is only advantageous
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for fixed-wing UAVs, since multi-rotor drones do not have
sufficient wingspan to harness energy from the environment.

PV cells installation has been reported to be a relatively
mature technique used to enhance UAVs’ mission duration.
Its application demonstrated some considerable improve-
ments in terms of flight time. However, employment of such
approach is mostly suitable for fixed-wing drones, since they
have larger wing area for the PV cells installation. Moreover,
this technique requires a sufficient level of solar radiation for
optimal operation, and in the absence of the sun, one needs
to employ an alternative way to power UAV. Also, it was
reported that battery size and other physical parameters of the
drone play more important role in determining final mission
duration of the UAV than PV cells’ efficiency.

Laser beaming technique frequently used in military
surveillance operations has been identified as a promising
option for increasing flight time of drones. It utilises concen-
trated beams of light directed to a specially designed PV cell,
which in turn recharge UAV’s battery. One of the biggest
disadvantages associated with this technique is that the power
source should always be relatively close to the UAV, and
therefore should be mobile. Moreover, lasers can potentially
be quite dangerous for health, and their application in popu-
lated areas can be very challenging.

Another interesting approach for prolonging UAV flight
time reviewed in the given study is battery dumping.
It implies splitting existing drone’s battery in a set of sections
to disconnect them from it once empty and dump them to
decrease the weight of the vehicle. This, in turn, facilitates
a decrease in the power required to move the UAV and
consequently prolong the mission duration. It is important,
however, to consider the optimal size of each battery section.
It was proposed to use optimisation tools such as genetic algo-
rithm. Moreover, it is crucial to account for the installation
of a battery dumping apparatus, which might significantly
increase UAV’s weight and alleviate any energy gains.

Employing battery changing stations were also briefly pre-
sented within the framework of the review. This approach
is based on the notion that charging of a drone can be very
time consuming and therefore swapping a dead battery with
a charged one will be faster and will not drastically disturb
UAV’s mission progress. It was concluded that this technique
is advantageous for the large fleet of UAVs, both fixed-
wing and multi-rotor, as well as facilitates automation of the
process. However, to effectively extend flight range of a UAV
a network of changing stations should be created.

Moreover, EMF-based alternatives such as charging UAVs
from high voltage power lines was discussed. Based on the lit-
erature analysis, the main technique used for charging, in this
case, is wireless power transfer. Therefore, techniques such
as inductive power transfer and resonant inductive wireless
power transfer to harness energy from the electromagnetic
field were presented and discussed.

IPT operating at kHz to MHz frequency range was revealed
to be applicable for short range applications because its effi-
ciency is significantly dependent on the distance between the
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transmitter and the receiver. It was also mentioned that lateral
misalignment of the coils during the IPT has a more drastic
influence on efficiency compared to vertical distance.

RC WPT, on the other hand, is reported to be more benefi-
cial technique than IPT in the mid-range applications since
it is not sensitive to lateral misalignments of the coils and
is potentially able to transfer power over substantially large
distances. It is based on the notion that the transmission coils
synchronized at the same resonant frequency can potentially
transfer power without significant losses of energy during the
process.

In addition to the description of the RC WPT two funda-
mental concepts of WPT, namely Maximum Power Transfer
and Maximum Energy Efficiency approaches were reviewed
and discussed. It was revealed that the choice of the approach
determines the performance of a WPT system. Thus,
if MPT is employed the total energy efficiency of the system
will not be more than 50 percent, while the transfer distance
can be considerably large. Employing MEE, in turn, will
facilitate achieving greater energy efficiency, i.e. larger than
50 percent, while the transmission range will be very short
and utilization of intermediate repeaters will be required to
extend it. Moreover, the given study has visited the topic
of frequency splitting occurring at the over coupled region
of RC WPT operation. It manifests itself as the presence of
two resonant frequencies at the coupling rates greater than
critical. Both of the produced frequencies though can be used
for RC WPT.

Concluding the description of the EMF-based techniques,
a review of the available literature sources on the topic of
wireless charging of UAV using IPT and RC WPT were
presented.

Moreover, a preliminary test of a technique which uses
power line electromagnetic field as a source for UAV battery
recharging was conducted. It revealed that a drone equipped
with a simple multilayer coil could potentially receive a
voltage signal of some millivolts under the IPT approach. The
experiments also proved that the voltage is directly related
to the coil number of turns and the current flowing in the
conductor, while it is inversely proportional to the distance
of the coil from the power line.

Future work on the topic will include studying the math-
ematical models of the electromagnetic field to identify the
most efficient point for drone charging as well as simulating
the proposed charging scheme. It will also be interesting to
implement the RC WPT technique for wireless charging of
UAVs from the power lines as well as consider dynamic
charging approach. One of the most important questions for
future investigation will be optimization of the UAV coil’s
design and studying the possibility of connecting multiple
coils to a UAV for higher power output and energy harvesting.

REFERENCES

[1] Global Industry Analysts, Inc. (2016). Commercial Drones Market Trends.
Accessed: Jan. 4, 2018. [Online]. Available: http://www.strategyr.com/
MarketResearch/Commercial_Drones_Market_Trends.asp#is

VOLUME 6, 2018

[2]

3

[t

[4

=

[5]

[6

—

[7

—

[8

—

9

—

[10]

(11]

[12]
(13]

[14]

[15]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

[25]

(26]

Pricewaterhouse Coopers. (2016). Global Market for Commercial
Applications of Drone Technology Valued at Over $127 BN. Accessed:
Jan. 4, 2018. [Online]. Available: http://press.pwc.com/News-releases/
global-market-for-commercial-applications-of-drone-technology-valued-
at-over—127-bn/s/ac04349e-c40d-4767-9f92-a4d219860cd2

D. Jones, “Power line inspection—A UAV concept,” in Proc. IEE Forum
Auton. Syst., Nov. 2005, p. 8.

Y. Liu and G. Wen, “An effective power line distance measuring method
based on UAV image sequence,” in Proc. 8th Int. Conf. Intell. Hum.-Mach.
Syst. Cybern. (IHMSC), Aug. 2016, pp. 64-67.

L. F Luque-Vega, B. Castillo-Toledo, A. Loukianov, and
L. E. Gonzalez-Jimenez, “Power line inspection via an unmanned
aerial system based on the quadrotor helicopter,” in Proc. 17th IEEE
Medit. Electrotech. Conf. (MELECON), Apr. 2014, pp. 393-397.

A. Shukla, H. Xiaoqian, and H. Karki, ‘‘Autonomous tracking of oil and gas
pipelines by an unmanned aerial vehicle,” in Proc. IEEE 59th Int. Midwest
Symp. Circuits Syst. (MWSCAS), Oct. 2016, pp. 1-4.

Askar Kukeyev. (2016). How Can Kazakhstan Businessmen Take Advan-
tage of Drones. Accessed: Jan. 4, 2018. [Online]. Available: https://forbes.
kz/process/technologies/how_can_kazakhstan_businessmen_take_
advantage_of_drones

J. Cho, G. Lim, T. Biobaku, S. Kim, and H. Parsaei, ““Safety and security
management with unmanned aerial vehicle (UAV) in oil and gas industry,”
Procedia Manuf., vol. 3, pp. 1343-1349, Jul. 2015.

Amazon. Amazon Prime Air. Accessed: Jan. 4, 2018. [Online]. Available:
https://www.amazon.com/b?node=8037720011

F. Bermingham. (2014). FedEx Researching Drone Delivery But Not For
Widespread Use. Accessed: Jan. 4, 2018. [Online]. Available: http://www.
ibtimes.co.uk/fedex-researching-drone-delivery-not-widespread-use-
1471063

E. Palermo. (2014). Delivery drones become a reality in Germany.
LiveScience. Accessed: May 30, 2018. [Online]. Available:
https://www.livescience.com/48032-dhl-drone-delivery-service.html

M. Gharibi, R. Boutaba, and S. L. Waslander, ‘“Internet of drones,” IEEE
Access, vol. 4, pp. 1148-1162, Oct. 2016.

J.-P. Ore, S. Elbaum, A. Burgin, and C. Detweiler, “Autonomous aerial
water sampling,” J. Field Robot., vol. 32, no. 8, pp. 1095-1113, Dec. 2015.
U. Niethammer, M. R. James, S. Rothmund, J. Travelletti, and M. Joswig,
“UAV-based remote sensing of the Super-Sauze landslide: Evaluation and
results,” Eng. Geol., vol. 128, pp. 2-11, Mar. 2012.

G. Astuti, G. Giudice, D. Longo, C. D. Melita, G. Muscato, and A. Orlando,
“An overview of the ‘volcan project’: An UAS for exploration of volcanic
environments,” J. Intell. Robot. Syst. Theory Appl., vol. 54, nos. 1-3,
pp. 471-494, 2009.

G. Zhou and D. Zang, “Civil UAV system for earth observation,” in Proc.
IEEE Int. Geosci. Remote Sens. Symp., Jul. 2007, pp. 5319-5322.

J. Johnson, E. Basha, and C. Detweiler, “Charge selection algorithms for
maximizing sensor network life with UAV-based limited wireless recharg-
ing,” in Proc. IEEE 8th Int. Conf. Intell. Sensors, Sens. Netw. Inf. Process.
(ISSNIP), Apr. 2013, pp. 159-164.

C. M. Korpela, T. W. Danko, and P. Y. Oh, “MM-UAV: Mobile manipu-
lating unmanned aerial vehicle,” J. Intell. Robot. Syst., vol. 65, nos. 1-4,
pp. 93-101, Jan. 2012.

S. Waharte, N. Trigoni, and S. J. Julier, ““Coordinated search with a swarm
of UAVSs,” in Proc. 6th IEEE Annu. Commun. Soc. Conf. Sensor, Mesh Ad
Hoc Commun. Netw. Workshop (SECON Workshop), Jun. 2009, pp. 1-3.
J. Nikolic, M. Burri, J. Rehder, S. Leutenegger, C. Huerzeler, and
R. Siegwart, “A UAV system for inspection of industrial facilities,” in
Proc. IEEE Aerosp. Conf., Mar. 2013, pp. 1-8.

A. Ryan, M. Zennaro, A. Howell, R. Sengupta, and J. K. Hedrick,
“An overview of emerging results in cooperative UAV control,” in Proc.
43rd IEEE Conf. Decision Control (CDC), vol. 1, Dec. 2004, pp. 602-607.
S. Wan, J. Lu, P. Fan, and K. B. Letaief, ““To smart city: Public safety
network design for emergency,” IEEE Access, vol. 6, pp. 1451-1460, 2017.
W. Shi et al., “Multiple drone-cell deployment analyses and optimiza-
tion in drone assisted radio access networks,” IEEE Access, vol. 6,
pp. 12518-12529, 2018.

E. Lee, C. Choi, and P. Kim, “Intelligent handover scheme for drone using
fuzzy inference systems,” IEEE Access, vol. 5, pp. 13712-13719, 2017.
H. C. Nguyen, R. Amorim, J. Wigard, 1. Z. Kovics, T. B. Sgrensen, and
P. E. Mogensen, “How to ensure reliable connectivity for aerial vehicles
over cellular networks,” IEEE Access, vol. 6, pp. 12304-12317, 2018.

F. Morbidi, R. Cano, and D. Lara, “Minimum-energy path generation
for a quadrotor UAV,” in Proc. IEEE Int. Conf. Robot. Autom. (ICRA),
May 2016, pp. 1492-1498.

29881



IEEE Access

M. Lu et al.: Wireless Charging Techniques for UAVs: Review, Reconceptualization, and Extension

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

P. L. Richardson, “Upwind dynamic soaring of albatrosses and UAVs,”
Prog. Oceanogr., vol. 130, pp. 146-156, Jan. 2015.

S. Jashnani, T. R. Nada, M. Ishfaq, A. Khamker, and P. Shaholia,
“Sizing and preliminary hardware testing of solar powered UAV,”
Egyptian J. Remote Sens. Space Sci., vol. 16, no. 2, pp. 189-198,
Dec. 2013.

S. Morton, R. D’Sa, and N. Papanikolopoulos, “Solar powered UAV:
Design and experiments,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst.
(IROS), Sep./Oct. 2015, pp. 2460-2466.

M. C. Achtelik, J. Stumpf, D. Gurdan, and K.-M. Doth, “Design of a flex-
ible high performance quadcopter platform breaking the MAV endurance
record with laser power beaming,” in Proc. IEEE/RSJ Int. Conf. Intell.
Robots Syst., Sep. 2011, pp. 5166-5172.

A. B. Junaid, Y. Lee, and Y. Kim, “Design and implementation of
autonomous wireless charging station for rotary-wing UAVs,” Aerosp. Sci.
Technol., vol. 54, pp. 253-266, Jul. 2016.

S. Dunbar et al., “Wireless far-field charging of a micro-UAV,” in Proc.
IEEE Wireless Power Transf. Conf. (WPTC), May 2015, pp. 1-4.

M. Simic, C. Bil, and V. Vojisavljevic, “Investigation in wireless power
transmission for UAV charging,” Procedia Comput. Sci., vol. 60, no. 1,
pp. 1846-1855, 2015.

M. Gadalla and S. Zafar, “Analysis of a hydrogen fuel cell-PV power
system for small UAV,” Int. J. Hydrogen Energy, vol. 41, no. 15,
pp. 6422-6432, Apr. 2016.

J. Moore and R. Tedrake, “Powerline perching with a fixed-wing UAV,”
in Proc. AIAA Infotech@Aerospace Conf., Apr. 2009, pp. 1-16.

J. Moore and R. Tedrake, ‘“Magnetic localization for perching UAVs on
powerlines,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., Sep. 2011,
pp. 2700-2707.

E. J. Silberg and J. H. Milgram, ‘“Battery charging arrangement for
unmanned aerial vehicle utilizing the electromagnetic field associated
with utility power lines to generate power to inductively charge energy
supplies,” U.S. Patent 7714 536 B1, May 11, 2010.

P. T. Marshall, “‘Power line sentry charging,” U.S. Patent 7398946 B1,
Jul. 15, 2008.

M. Deittert, A. Richards, C. A. Toomer, and A. Pipe, “Engineless
unmanned aerial vehicle propulsion by dynamic soaring,” J. Guid. Control.
Dyn., vol. 32, no. 5, pp. 1446-1457, 2009.

V. Bonnin, C. Toomer, J.-M. Moschetta, and E. Benard, “Energy-
harvesting mechanisms for UAV flight by dynamic soaring,” in Proc. AIAA
Atmos. Flight Mech. (AFM) Conf., vol. 7, no. 3, 2013, pp. 213-230.

P. Lissaman, “Wind energy extraction by birds and flight vehicles,” in
Proc. 43rd AIAA Aerosp. Sci. Meeting Exhibit, Jan. 2005, pp. 1-13.

Y. J. Zhao and Y. C. Qi, “Minimum fuel powered dynamic soaring of
unmanned aerial vehicles utilizing wind gradients,” Optim. Control Appl.
Methods, vol. 25, no. 5, pp. 211-233, 2004.

N. Akhtar, J. Whidborne, and A. Cooke, “Wind shear energy extrac-
tion using dynamic soaring techniques,” in Proc. 47th AIAA Aerosp.
Sci. Meeting Including New Horizons Forum Aerosp. Expo., 2009,
pp. 1-15.

J. L. Grenestedt and J. R. Spletzer, “Optimal energy extraction during
dynamic jet stream soaring,” in Proc. AIAA Guid. Navig. Control Conf.,
2010, pp. 1-12.

C. K. Patel, H. Lee, and I. M. Kroo, “Extracting energy from atmospheric
turbulence,” in Proc. 29th OSTIV Congr., Berlin, Germany, vol. 33, no. 4,
Aug. 2008, pp. 1-9.

Y. Zeng, R. Zhang, and T. J. Lim, “Wireless communications with
unmanned aerial vehicles: Opportunities and challenges,” IEEE
Commun. Mag., vol. 54, no. 5, pp. 36-42, May 2016.

P. Oettershagen et al., “A solar-powered hand-launchable UAV for low-
altitude multi-day continuous flight,” in Proc. IEEE Int. Conf. Robot.
Autom. (ICRA), May 2015, pp. 3986-3993.

Z. Guo, X.-K. Chen, Z.-X. Hou, and J. Guo, “Development of a solar
electric powered UAV for long endurance flight,” in Proc. 11th AIAA
Aviation Technol., Integr., Oper. (ATIO) Conf., 2011, p. 6966.

J.-K. Shiau, D.-M. Ma, P.-Y. Yang, G.-F. Wang, and J. H. Gong, “Design of
a solar power management system for an experimental UAV,” IEEE Trans.
Aerosp. Electron. Syst., vol. 45, no. 4, pp. 1350-1360, Oct. 2009.

F. Fazelpour, M. Vafaeipour, O. Rahbari, and R. Shirmohammadi, “Con-
siderable parameters of using PV cells for solar-powered aircrafts,” Renew.
Sustain. Energy Rev., vol. 22, pp. 81-91, Jun. 2013.

K. C.Reinhardt, T.R. Lamp, J. W. Geis, and A. J. Colozza, ““Solar-powered
unmanned aerial vehicles,” in Proc. 31st Intersoc. Energy Convers. Eng.
Conf. (IECEC), vol. 1, Aug. 1996, pp. 41-46.

29882

(52]

(53]

(54]

[55]

[56]

[57]

(58]

[59]

(60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

(74]

[75]

[76]

AtlantikSolar. (2016). Tackling the European Refugee Crisis With Solar-
Powered UAVs: A Fully-Autonomous 26-Hour Search-and-Rescue Flight.
Accessed: Jan. 4, 2018. [Online]. Available: http://www.atlantiksolar.
ethz.ch/?p=931

S. N. Hallman, R. C. Huck, and J. J. Sluss, “Charging system using solar
panels and a highly resonant wireless power transfer model for small UAS
applications,” Proc. SPIE, vol. 9865, p. 98650F, May 2016.

R. Dai, U. Lee, S. Hosseini, and M. Mesbahi, “Optimal path planning
for solar-powered UAVs based on unit quaternions,” in Proc. IEEE Conf.
Decision Control, Dec. 2012, pp. 3104-3109.

C. Liu, L. Wang, and C. Liu, “Mission planning of the flying robot for
powerline inspection,” Prog. Natural Sci., vol. 19, no. 10, pp. 1357-1363,
Oct. 2009.

T. J. Nugent, Jr., and J. T. Kare, “Laser power beaming for defense and
security applications,” Proc. SPIE, vol. 8045, p. 804514, May 2011.

K. J. Duncan, “Laser based power transmission: Component selection and
laser hazard analysis,” in Proc. IEEE PELS Workshop Emerg. Technol.,
Wireless Power Transf. (WoW), Oct. 2016, pp. 100-103.

G. A. Landis, ““Photovoltaic receivers for laser beamed power in space,”
in Proc. Conf. Rec. 22nd IEEE Photovoltaic Spec. Conf., Oct. 1991,
pp. 1494-1502.

Q. Chen, D. Zhang, D. Zhu, Q. Shi, J. Gu, and Y. Ai, “Design and
experiment for realization of laser wireless power transmission for small
unmanned aerial vehicles,” Proc. SPIE, vol. 9671, p. 96710N, Oct. 2015.
T. Chang and H. Yu, “Improving electric powered UAVs’ endurance
by incorporating battery dumping concept,” Procedia Eng., vol. 99,
pp. 168-179, Sep. 2015.

B. Michini ez al., “Automated battery swap and recharge to enable persis-
tent UAV missions,” in Proc. Infotech@Aerospace, Mar. 2011, pp. 1-10.
K. A. Swieringa et al., “‘Autonomous battery swapping system for small-
scale helicopters,” in Proc. IEEE Int. Conf. Robot. Autom., May 2010,
pp. 3335-3340.

V. Gupta, A. Kandhalu, and R. Rajkumar, “Energy harvesting from elec-
tromagnetic energy radiating from AC power lines,” in Proc. 6th Workshop
Hot Top. Embed. Netw. Sensors (HotEmNets), 2010, Art. no. 17.

C. Bil, M. Simic, and V. Vojisavljevic, “Design of a recharge station for
UAVs using non-contact wireless power transfer,” in Proc. 54th AIAA
Aerosp. Sci. Meeting, Jan. 2016, pp. 1-11.

Z.Bi, T. Kan, C. C. Mi, Y. Zhang, Z. Zhao, and G. A. Keoleian, “A review
of wireless power transfer for electric vehicles: Prospects to enhance
sustainable mobility,” Appl. Energy, vol. 179, pp. 413-425, Oct. 2016.

J. M. Miller et al., “‘Demonstrating dynamic wireless charging of an elec-
tric vehicle: The benefit of electrochemical capacitor smoothing,” IEEE
Power Electron. Mag., vol. 1, no. 1, pp. 12-24, Mar. 2014.

S. Y. Choi, B. W. Gu, S. Y. Jeong, and C. T. Rim, “Advances in
wireless power transfer systems for roadway-powered electric vehicles,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 3, no. 1, pp. 18-36,
Mar. 2015.

J. 1. Agbinya, Wireless Power Transfer, vol. 45. Aalborg, Denmark: River
Publishers, 2015.

S. D. Barman, A. W. Reza, N. Kumar, M. E. Karim, and A. B. Munir,
“Wireless powering by magnetic resonant coupling: Recent trends in wire-
less power transfer system and its applications,” Renew. Sustain. Energy
Rev., vol. 51, pp. 1525-1552, Nov. 2015.

N. Zhao, S. Zhang, F. R. Yu, Y. Chen, A. Nallanathan, and V. C. M. Leung,
“Exploiting interference for energy harvesting: A survey, research issues,
and challenges,” IEEE Access, vol. 5, pp. 10403-10421, 2017.

K. Ali, H. X. Nguyen, Q.-T. Vien, P. Shah, and Z. Chu, “Disaster man-
agement using D2D communication with power transfer and clustering
techniques,” IEEE Access, vol. 6, pp. 14643-14654, 2018.
N. Tesla, “Apparatus for transmitting electrical
U.S. Patent 1 119732 A, Dec. 1, 1914.

J. Sallan, J. L. Villa, A. Llombart, and J. F. Sanz, “Optimal design of
ICPT systems applied to electric vehicle battery charge,” IEEE Trans. Ind.
Electron., vol. 56, no. 6, pp. 2140-2149, Jun. 2009.

C.-G. Kim, D.-H. Seo, J.-S. You, J.-H. Park, and B. H. Cho, “Design of a
contactless battery charger for cellular phone,” IEEE Trans. Ind. Electron.,
vol. 48, no. 6, pp. 1238-1247, Dec. 2001.

C. Zhang and G. Zhao, “On the deployment of distributed antennas
of power beacon in wireless power transfer,” IEEE Access, vol. 6,
pp. 7489-7502, 2018.

H.-J. Kim, H. Hirayama, S. Kim, K. J. Han, R. Zhang, and J.-W. Choi,
“Review of near-field wireless power and communication for biomedical
applications,” IEEE Access, vol. 5, pp. 21264-21285, 2017.

energy,”’

VOLUME 6, 2018



M. Lu et al.: Wireless Charging Techniques for UAVs: Review, Reconceptualization, and Extension

IEEE Access

[77] B. Griffin and C. Detweiler, “Resonant wireless power transfer to ground
sensors from a UAV,” in Proc. IEEE Int. Conf. Robot. Autom., May 2012,
Pp. 2660-2665.

[78] C. H. Choi, H. J. Jang, S. G. Lim, H. C. Lim, S. H. Cho, and I. Gaponov,
“Automatic wireless drone charging station creating essential environment
for continuous drone operation,” in Proc. Int. Conf. Control, Autom. Inf.
Sci. (ICCAIS), Oct. 2016, pp. 132-136.

[79] A. Kim, M. Ochoa, R. Rahimi, and B. Ziaie, “New and emerging energy
sources for implantable wireless microdevices,” IEEE Access, vol. 3,
pp. 89-98, 2015.

[80] A. V. Mamishev and B. D. Russell, “Measurement of magnetic fields in
the direct proximity of power line conductors,” IEEE Trans. Power Del.,
vol. 10, no. 3, pp. 1211-1216, Jul. 1995.

[81] K. Fotopoulou and B. W. Flynn, “Wireless power transfer in loosely
coupled links: Coil misalignment model,” IEEE Trans. Magn., vol. 47,
no. 2, pp. 416-430, Feb. 2011.

[82] M. Soma, D. C. Galbraith, and R. L. White, ‘“Radio-frequency coils
in implantable devices: Misalignment analysis and design procedure,”
IEEE Trans. Biomed. Eng., vol. TBME-34, no. 4, pp. 276-282,
Apr. 1987.

[83] A. W. Green and J. T. Boys, “10 kHz inductively coupled power transfer-
concept and control,” in Proc. 5th Int. Conf. Power Electron. Variable-
Speed Drives, Oct. 1994, pp. 694-699.

[84] D. Kurschner, C. Rathge, and U. Jumar, “Design methodology for high
efficient inductive power transfer systems with high coil positioning
flexibility,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 372-381,
Jan. 2013.

[85] O.H. Stielau and G. A. Covic, “Design of loosely coupled inductive power
transfer systems,” in Proc. Int. Conf. Power Syst. Technol. (PowerCon),
vol. 1, Dec. 2000, pp. 85-90.

[86] G. A. Covic and J. T. Boys, “Inductive power transfer,” Proc. IEEE,
vol. 101, no. 6, pp. 1276-1289, Jun. 2013.

[87] P. Zuo, X. Wu, W. Li, and W. Liu, “Design of wireless energy transfer
system based on coupled magnetic resonances,” in Proc. IEEE Int. Conf.
Aircraft Utility Syst. (AUS), Oct. 2016, pp. 527-532.

[88] E. Waffenschmidt and T. Staring, ‘‘Limitation of inductive power transfer
for consumer applications,” in Proc. 13th Eur. Conf. Power Electron. Appl.,
Sep. 2009, pp. 1-10.

[89] J. Hirai, T.-W. Kim, and A. Kawamura, “Study on intelligent battery
charging using inductive transmission of power and information,” /EEE
Trans. Power Electron., vol. 15, no. 2, pp. 335-345, Mar. 2000.

[90] T. Imura and Y. Hori, ‘““Maximizing air gap and efficiency of magnetic
resonant coupling for wireless power transfer using equivalent circuit
and Neumann formula,” IEEE Trans. Ind. Electron., vol. 58, no. 10,
pp. 4746-4752, Oct. 2011.

[911 A. Kurs, A. Karalis, R. Moffatt, J. D. Joannopoulos, P. Fisher, and
M. Soljacié, “Wireless power transfer via strongly coupled magnetic res-
onances,” Science, vol. 317, no. 5834, pp. 83-86, 2007.

[92] C.-S. Wang, O. H. Stielau, and G. A. Covic, “Design considerations for
a contactless electric vehicle battery charger,” IEEE Trans. Ind. Electron.,
vol. 52, no. 5, pp. 1308-1314, Oct. 2005.

[93] A. Karalis, J. D. Joannopoulos, and M. Soljaci¢, “Efficient wireless
non-radiative mid-range energy transfer,” Ann. Phys., vol. 323, no. 1,
pp. 3448, Jan. 2008.

[94] E. N. Baikova, S. S. Valtchev, R. MelAcio, V. F. Pires, A. Krusteva, and
G. Gigov, “Study on electromagnetic emissions from wireless energy
transfer,” in Proc. IEEE Int. Power Electron. Motion Control Conf.
(PEMC), Sep. 2016, pp. 492-497.

[95] B.L.Cannon, J. F. Hoburg, D. D. Stancil, and S. C. Goldstein, “Magnetic
resonant coupling as a potential means for wireless power transfer to
multiple small receivers,” IEEE Trans. Power Electron., vol. 24, no. 7,
pp. 1819-1825, Jul. 2009.

[96] A. Kurs, R. Moffatt, and M. Soljaci¢, ““Simultaneous mid-range power
transfer to multiple devices,” Appl. Phys. Lett., vol. 96, no. 4, p. 044102,

Jan. 2010.
[97] H. Haus and W. P. Huang, “Coupled-mode theory,” Proc. IEEE, vol. 79,

no. 10, pp. 1505-1518, Oct. 1991.

[98] X. Wei, Z. Wang, and H. Dai, “A critical review of wireless power
transfer via strongly coupled magnetic resonances,” Energies, vol. 7,no. 7,
pp. 4316-4341, Jul. 2014.

[99] M. Kiani and M. Ghovanloo, “The circuit theory behind coupled-mode
magnetic resonance-based wireless power transmission,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 59, no. 9, pp. 2065-2074, Sep. 2012.

[100] S. Y. R. Hui, W. Zhong, and C. K. Lee, “A critical review of recent
progress in mid-range wireless power transfer,” IEEE Trans. Power Elec-
tron., vol. 29, no. 9, pp. 45004511, Sep. 2014.

VOLUME 6, 2018

[101] C.Zhang, D. Lin, N. Tang, and S. Y. R. Hui, “A novel electric insulation
string structure with high-voltage insulation and wireless power transfer
capabilities,” IEEE Trans. Power Electron., vol. 33, no. 1, pp. 87-96,
Jan. 2018.

[102] C.S. Kong, “A general maximum power transfer theorem,” IEEE Trans.
Educ., vol. 38, no. 3, pp. 296-298, Aug. 1995.

[103] Y. Zhang, Z. Zhao, and K. Chen, “Frequency-splitting analysis of four-
coil resonant wireless power transfer,” IEEE Trans. Ind. Appl., vol. 50,
no. 4, pp. 2436-2445, Jul./Aug. 2014.

[104] R.Huang, B.Zhang, D. Qiu, and Y. Zhang, ‘Frequency splitting phenom-
ena of magnetic resonant coupling wireless power transfer,” IEEE Trans.
Magn., vol. 50, no. 11, Nov. 2014, Art. no. 8600204.

[105] A. P. Sample, D. T. Meyer, and J. R. Smith, “Analysis, experimen-
tal results, and range adaptation of magnetically coupled resonators for
wireless power transfer,” [EEE Trans. Ind. Electron., vol. 58, no. 2,
pp. 544-554, Feb. 2011.

[106] Y.Zhang and Z. Zhao, “Frequency splitting analysis of two-coil resonant
wireless power transfer,” IEEE Antennas Wireless Propag. Lett., vol. 13,
pp. 400-402, 2014.

[107] X.Zhang, Q. Yang, H. Chen, Y. Li, X. Zhang, and L. Jin, “Research on
characteristics of frequency splitting in electromagnetic coupling resonant
power transmission systems,” Proc. Chin. Soc. Elect. Eng., vol. 32, no. 9,
pp. 167-172,2012.

[108] Y.Lietal., “Characteristic of frequency in wireless power transfer system
via magnetic resonance coupling,” Electr. Mach. Control, vol. 16, no. 7,
pp. 7-11, 2012.

[109] Y. L. Lyu et al., “A method of using nonidentical resonant coils for
frequency splitting elimination in wireless power transfer,” IEEE Trans.
Power Electron., vol. 30, no. 11, pp. 6097-6107, Nov. 2015.

[110] C.Wangand Z. Ma, “Design of wireless power transfer device for UAV,”
in Proc. IEEE Int. Conf. Mechatronics Autom., Aug. 2016, pp. 2449-2454.

[111] S. Jung, T. Lee, T. Mina, and K. B. Ariyur, “Inductive or magnetic
recharging for small UAVs,” in Proc. SAE Aerosp. Electron. Avionics Syst.
Conf., 2012, pp. 1-10.

[112] A. Mittleider, B. Griffin, and C. Detweiler, Experimental Robotics,
vol. 109. Cham, Switzerland: Springer, 2016.

[113] Engineers Edge. AWG Copper Wire Size and Data Table Chart @ 100
Degrees F. Accessed: Jan. 4, 2018. [Online]. Available: https://www.
engineersedge.com/copper_wire.htm

[114] A. Rakhymbay, A. Khamitov, M. Bagheri, B. Alimkhanuly, M. Lu, and
T. Phung, “Precise analysis on mutual inductance variation in dynamic
wireless charging of electric vehicle,” Energies, vol. 11, no. 3, p. 624,
Mar. 2018.

MAXIM LU received the M.Sc. degree in sus-
tainable energy systems from The University of
Edinburgh, U.K., in 2013. He is currently pursu-
ing the Ph.D. degree with Nazarbayev University
(NU), Astana, Kazakhstan. He joined NU as a
Teaching Assistant in 2015. His research inter-
ests include wireless power transfer applications in
high-voltage engineering, dynamic wireless charg-
ing of electric vehicles, renewable energy sources,
and sustainable transportation.

MEHDI BAGHERI (M’12) received the M.Sc.
degree in power engineering from the Sharif Uni-
versity of Technology, Tehran, Iran, in 2007, and
the Ph.D. degree from the University of New South
Wales, Sydney, Australia, in 2014. He joined the
Iran Transformer Research Institute, Tehran, as a
Research Engineer, and was the Head of the Test
and Diagnostic Department from 2008 to 2010.
From 2015 to 2016, he served as a Post-doctoral

Z Research Fellow with the Electrical Engineering
Department, National University of Singapore, involving closely with Rolls-
Royce Pte. Ltd., on condition monitoring and predictive maintenance of
marine transformers and filters. He is currently an Assistant Professor with
the Electrical and Computer Engineering Department, Nazarbayev Univer-
sity, Astana, Kazakhstan. His research interests include field and marine
applications of high-voltage engineering, condition monitoring and diagno-
sis of power transformers and electrical rotating machines, and transients in
power systems and power quality. He is a member of the IEEE Dielectrics
and Electrical Insulation Society.

29883



IEEE Access

M. Lu et al.: Wireless Charging Techniques for UAVs: Review, Reconceptualization, and Extension

ALEX P. JAMES (SM’13) received the Ph.D.
degree from the Queensland Micro and Nan-
otechnology Centre, Griftith University, Brisbane,
QLD, Australia. He has several years’ experi-
ence of managing industry projects and academic
projects in board design and pattern recognition
circuits, and data and business analytics consulting
for IT and semiconductor industry. He involves in
brain-inspired circuits as well as algorithms and
systems. He is currently chairing the Electrical
and Computer Engineering Department and leads the Circuits and Systems
Group, Nazarbayev University. He is a Life Member of ACM and a Senior
Fellow of HEA. He has been an Executive Member of IET Vision and
Imaging Network. He has been the Founding Chair for the IEEE Kerala
Section Circuits and Systems Society. He is the Founding Chair of the IEEE
Kazakhstan subsection, and a mentor to the IEEE NU Student Branch. He
was an editorial member of Information Fusion (Elsevier), and is an Asso-
ciate Editor for HCI, (Springer). He has been an editorial member of the IEEE
TRANSACTIONS ON EMERGING Topics IN COMPUTATIONAL INTELLIGENCE since 2017
and the IEEE TraNsacTIONs oN CIRcuITS AND SySTEMS 1 since 2018.

29884

TOAN PHUNG (M’87-SM’12) received the
Ph.D. degree in electrical engineering from the
University of New South Wales (UNSW), Sydney,
Australia, in 1998. He has over 30 years of prac-
tical research/development experience in partial
discharge measurement and analysis, and in on-
line condition monitoring of high-voltage equip-
ment. Much of his work has involved collaborative
projects between UNSW and Australian power
utilities. He is currently an Associate Professor
with the School of Electrical Engineering, UNSW. His research interests
include electrical insulation (dielectric materials and diagnostic methods),
high-voltage engineering (generation, testing, and measurement techniques),
electromagnetic transients in power systems, and power system equipment
(design and condition monitoring methods).

VOLUME 6, 2018



	INTRODUCTION
	NON-EMF BASED TECHNIQUES
	GUST SOARING
	PV ARRAYS
	LASER BEAMING
	BATTERY DUMPING

	EMF-BASED TECHNIQUES: HIGH VOLTAGE POWER LINE UAV CHARGING
	WIRELESS POWER TRANSFER
	INDUCTIVE POWER TRANSFER
	RESONANT COUPLED WPT

	RC WPT EXPLAINED VIA RLT
	RESONANT WPT CONCEPTS
	FREQUENCY SPLITTING
	WIRELESS CHARGING OF UAVs
	PRELIMINARY TEST OF THE PROPOSED CONCEPT
	HIGH VOLTAGE POWER LINE EMULATION
	EXPERIMENTS

	CONCLUSION
	REFERENCES
	Biographies
	MAXIM LU
	MEHDI BAGHERI
	ALEX P. JAMES
	TOAN PHUNG


