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ABSTRACT Drones can be used in agriculture applications to monitor crop yield and climate conditions and
to extend the communication range of wireless sensor networks in monitoring areas. However, monitoring
the climate conditions in agriculture applications faces challenges and limitations, such as drone flight time,
power consumption, and communication distance, which are addressed in this study. Wireless power transfer
(WPT) can be used to charge drone batteries. WPT using a magnetic resonant coupling (MRC) technique
was considered in this study because it allows high transfer power and efficiency with tens of centimeters,
power transfers can be achieved in misalignment situations, charging several devices simultaneously, and
unaffected by weather conditions. WPT was practically implemented based on a solar cell using a proposed
flat spiral coil (FSC) in the transmitter circuit and multiturn coil (MTC) in a receiver circuit (drone) for the
alignment and misalignment of two coils at different distances. FSC and MTC improved power transfer and
efficiency to 20.46 W and 85.25%, respectively, at 0 cm with the loaded system under alignment condition.
In addition, the two coils achieved appropriate transfer efficiencies and power for charging the drone battery
under misaligned conditions. The maximum power transfer and efficiency were 17.1 W and 71% for the
misalignment condition, at an air gap of 1 cm between two coils when the system was loaded with the
drone battery. Moreover, the battery life of the drone was extended to 851 minutes based on the proposed
sleep/active strategy relative to the traditional operation (i.e., 25.84 minutes). Consequently, a 96.9% battery
power saving was achieved based on this strategy. Comparison results showed that the proposed system
outperformed some present techniques in terms of the transfer power, transfer efficiency, and drone battery
life. The proposed WPT technique developed in this study has been proven to solve the misalignment issue.
Thus it offers a great opportunity as a key deployment component for the automation of farming practices
toward the Internet of Farming applications.

INDEX TERMS Battery life, drone, energy efficiency, farming, flat spiral coil, flight time, multiturn coil,
power consumption, wireless sensor network, solar panel.

I. INTRODUCTION communication range of monitoring areas. Drones can be
Drones can be used in the agriculture field [1]-[3] to mon- equipped with several payloads, such as sensors, high-
itor crop yield and climate conditions and to extend the resolution and infrared cameras, tracking, and a global posi-

tioning system (GPS), as a delivery vehicle [4]. These
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approximately 20—40 min [5], [6]. However, the battery life-
time is a problem faced by drone systems, particularly in
cases where a stand-alone maneuver of the drone is required.
Moreover, the battery charging problem of the drone has
not yet been widely addressed and has the possibility for an
intensive investigation [7].

Three ways can be adopted to improve drone flying
time:

(i) Drones can be provided with high battery capacity.
However, this solution increases drone weight, thereby
is still not solving the operation time problem in addi-
tion to reducing the allocation for the other payload.

(i) The battery can be automatically swapped after the
drone lands at the base station [8]. However, this
method is unfeasible because of the high cost and com-
plexity of the swapping system, where an additional
mechanical component is required.

(iii) The battery can be charged at the base station of the
drone.

For the above solutions, two techniques can be imple-
mented for the drone charging station. The first method is
to use electrical contact between the drone and the base
station [9]. The second method uses wireless power transfer
(WPT) [10]-[13] or solar energy [14]-[20]. The former is
considered in this study because the focus is on multirotor
drones. Solar energy is suitable for fixed wing drones but
displays several limitations for rotary wing drones, such as
the requirement of a certain space that exists at the drone
to be mounted; practically, rotary wing drones offer lim-
ited chances for implementing this type of energy. In addi-
tion, solar cells mainly depend on solar radiation, which is
not always available and depends on the seasonal/temporal
variation [7].

The electrical contact method is characterized by high effi-
ciency. However, environmental conditions, such as temper-
ature and humidity, reduce system reliability and efficiency.
First, most WPT techniques allow for reliable and efficient
power transfer between the base station and the drone. When
the WPT method is applied to the drone, some critical issues,
such as the payload and interference of the WPT system
with communications between the drone and the base station,
must be considered. The WPT system mounted on the drone
should be lightweight to prevent payload reduction. In addi-
tion, the WPT technique should ensure high transfer power
efficiency and misalignment tolerance between the transmit-
ter and receiver coils of the WPT system. Misalignment is
the dominant case in WPT specific for a drone application
because often in this case, the landing accuracy of a drone
is found to be very low. Consequently, the transfer coupling
factor, transfer power, and to some extent the transfer effi-
ciency decreases as described in [21]. Several articles have
discussed the major concerns about recharging drone batter-
ies via WPT [12], [22]-[26], and they are highlighted in the
next section.

In this study, an X525 drone model was used to determine
climate conditions, such as soil pH, air temperature, and
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humidity, and soil moisture from the farm field. The drone
works as a router node in the proposed ZigBee WSN to
transfer the data from the agriculture sensor nodes to the
coordinator node. The router node mounted on the drone
can be supplied by energy using a 1 W/5 V solar cell.
WPT is used to charge the drone battery to improve its
lifetime. A substantial enhancement in the coil design of the
proposed WPT system is observed by considering the mis-
alignment between the transmitter and the receiver coils. The
suggested solution includes the design of a high-efficiency
charging or transmitter coil (fixed on the platform) or a flat
spiral coil (FSC) that is approximately 150 coil turns with
40 cm coil diameter and 1.02 mm (18 AWG) wire thickness.
The secondary or receiver coil mounted on the drone, i.e.,
multiturn coil (MTC) that is 60 coil turns with 40 cm diameter
and 0.51 mm (AWG 24) wire thickness. To this end,
a drone is charged based on a new WPT system design. The
WPT system is designed, implemented, tested, and installed
on the manufactured X525 drone by keeping good perfor-
mance metrics, such as transfer power, transfer efficiency,
transfer distance, suitable payload, and maintaining drone
maneuvering. In addition, the misalignment between the
transmitter and receiver coils is investigated.

The main contributions of this study can be summarized as

follows:

(i) This work is an extension to the previous study
in [27]. The previous work was limited to low-
power-consumption home devices such as shavers,
smartphones, and toothbrushes. As such, the cir-
cuit developed from the past works was found to
be inapplicable for high-power electronic applica-
tions. In this work, we extended the circuit to
charge the medium-power electronic devices such as
a drone for potential deployment in future smart farm
applications.

(i) We improved the power transfer and efficiency by solv-
ing the misalignment condition between the transmitter
and receiver coil. The previous work in [27] did not
address the misalignment problem. The improvement
came from a novel design and hardware development
of the FSC in the transmitter circuit and the MTC in
a receiver circuit that is located at the drone charging
station.

(iii)) The power consumption and battery life of the drone-
based agriculture application were formulated and
modeled. This involved measurement from the mag-
netic resonator coupling WPT prototype that charges
the drone’s battery when the drone is on the landing
position in the charging station after each agriculture
mission.

(iv) A sleep/wake strategy is proposed to increase the
energy saving further from the wireless sensors net-
work. Performance comparisons are made with other
techniques in previous studies, in terms of transfer
power and transfer efficiency under the alignment
scenario.
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Il. RELATED WORKS

Wireless power charging has been recently investigated in
several research works. Campi et al. [22] proved the feasibil-
ity of the magnetic resonant coupling (MRC)/WPT charging
system applied to a demonstrative drone that could be used in
various applications. Different misalignment topologies and
distances were tested. The transfer efficiency of 90% was
achieved at 10 cm to charge the drone. Campi et al. [13]
proposed a high-power and high-efficiency WPT system
based on MRC and automatically recharged the battery of
a small unmanned aerial vehicle (UAV). A total flight time
of 20-60 min and transfer efficiency of 93% was achieved
at 10 cm. An 85% transfer efficiency was accomplished
with a misalignment transfer distance of 8§ cm. Moreover,
Campi er al. [28] tested different misalignments in two
dimensions (x-axis and y-axis). The proposed design
achieved 85%, 81%, and 76% at 0, 10, and 20 cm, respec-
tively. The main advantages of all onboard components
are as follows: lightweight and compact to minimize size
and weight as much as possible. An operating frequency
of 150 kHz was adopted for the design of the three studies.

Zhou et al. [29] proposed a novel nonlinear parity-time-
symmetric model to inspect a transmission line tower. The
WPT system was investigated for different alignments at
distances of 2, 4, 6, 8, 10, 12, 14, and 16 cm at 10 W
load power and 1 MHz operating frequency. Experimental
results show that when the flying drone hovers in a confined
3-D volume of space above the WPT platform, the stable
output power is maintained with an approximately constant
transfer efficiency of 93.6%. In particular, for the experi-
mental prototype, the output power and transfer efficiency
can remain nearly unchanged within the lateral misalignment
range between 0 and 6.5 cm for the transfer distance equal
to 8 cm. However, a transfer efficiency of 50% can be
obtained when the coupling region is weak.

Aldhaher ef al. [10] presented an overview of the tech-
nologies that enabled ultra-lightweight WPT systems, which
were tolerant of changes in the air-gap geometry. They enable
drone charging in mid-air, thereby enabling 7 min flying time.
The WPT system operates at a high frequency of 13.56 MHz
with a charging capacity of 10 W while hovering the drone.
Drone charging can be achieved within the vicinity of a pad
at a distance of 12 cm. Griffin and Detweiler [30] devel-
oped an MRC power transfer system that enabled a UAV to
provide power to the batteries of wireless sensors and other
electronics that were removed far from the electric grid. Their
experiments verified a WPT system that enables a UAV to
power and recharges ground sensors. Two types of techniques
are used, namely, (i) developing an MRC power transfer
system and (ii) the use of the AscTec Hummingbird quadrotor
helicopter. The first technique has an adequate quality factor,
whereas the second one carries the transmitting coils and
power system. The quadrotor has a flight time of 15-20 min
when using a 2.1 Ah, 11.1 V lithium polymer (Li-Po) bat-
tery. The MRC system works between 190 and 210 kHz.
The battery can provide more than 550 W. However, the
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UAV loses as much as one-third of its flight time when
providing power transfer. The experimental results show that
the UAV transmission does not accomplish as much power
transfer as the static case in large part due to the relative
motion and deformations of the drive and Tx coils on the
helicopter.

Wang and Ma [31] developed an MRC power transfer
system that allowed a UAV to supply low power to solve
the problem of UAV endurance. The authors designed a UAV
that can cruise automatically, self-charge, and transfer data by
using an autonomous cruise network system that consists of
a plurality of intelligent charging rods and GPS devices. The
main problem of the UAV is that it cannot perform remote
tasks because of its weak cruising ability. They proposed a
charging station with two solar cells to solve this limitation
of the battery and range of any flying device, such as drones.
Battery capacity is mostly between 5 and 16 Ah. UAV battery
capacity must be considered in the selection of a battery.
Therefore, they used solar batteries for models 65, 80, 100,
150, and 200 Ah. The use of 12 V 100 Ah batteries is rec-
ommended to ensure the endurance of UAVs, by analysis and
calculation considering the possible impact of weather and
other reasons for solar panels to generate electricity. This type
of battery can provide a UAV (22.2 V, 16 Ah) with 3—4 full
charging times. The normal 22.2 V 7 Ah of a UAV can be fully
charged 7-8 times, thereby meeting the basic requirements.
At the same time, solar panels can fully charge the battery in
two and a half days by selecting 100 W solar panels as energy
storage battery supplement under normal weather conditions.
The results show that the transfer efficiency of 90% was
obtained at a distance of 5 cm with a high transmission power
of 130 W, which adequately meets the requirements of UAV
wireless charging via WPT.

Junaid et al. [11] proposed a vision-based, closed-loop tar-
get detection using a UAV in outdoor environments. A wire-
less charging station that allows autonomous landing and
charging of a UAV without any human intervention was
developed to enhance endurance and prolong the flight time
of the UAV. Analysis and experimental results revealed good
performance, and 10 W of transfer power and 75% efficiency
were accomplished. The flight time of approximately 12 min
was achieved based on the full charging cycle that lasts
approximately 1 hour based on the proposed WPT.

Valente et al. [3] proposed a solution based on the combina-
tion of UAV and WSN to monitor variables from fragmented
crop fields. They presented a collaborative system made up of
a WSN and an aerial robot, which is applied to real-time frost
monitoring in vineyards. The proposed system ensured com-
munication (based on XBee wireless technology) between the
base station and the sparse clusters placed at split parcels.
In their experiments, they adopted a small quadrotor with
200 g payload, 550 g whole weight, and 2100 mAh/11.1 V
Li-Po battery capacity and whose weight of control and
communication components is less than 50% of the pay-
load capacity. Through the experiments, a maximum drone
speed of 5 m/s was able to fly with a battery along 5000 m.
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They provided many advantages to consider ground WSN,
such as the development of the WSN communication work-
flow, development of the data routing to the base station, and
better monitoring of the crop. However, the power consump-
tion was not analyzed in this study.

Faical et al. [1] described an architecture to address the
problem of self-adjustment of the UAV routes when spraying
chemicals in a crop field. They presented an algorithm to
adjust the UAV route to wind changes (intensity and direc-
tion) and the impact caused by the number of messages
exchanged between the UAV and the WSN. Twenty-two sen-
sor nodes were distributed in the crop field of 1000 x 50 m?.
The UAV speed and operating heights are 15 m/s and 20 m,
respectively. Light and moderate winds are described to have
a speed of 10 km/h and 20 km/h, respectively. The results
show that the communication time between a sensor ground
(XBee-PRO S2) and the UAV was between 0.035 and 0.042 s
for different UAV heights of 5, 10, and 20 m. As a result,
the communication time between the UAV and the WSN
when the XBee-PRO S2 was employed showed no substantial
difference for the adopted heights.

Polo et al. [32] proposed an agricultural environment mon-
itoring server system that used a low-cost WSN, and the
fixed wing UAV might be utilized to cover the long com-
munication distance. The UAV must cover distances of up
to 10 km or to operate in fields of approximately 100 ha.
They used a Turing Nano-tech 8400 mAh/11.1 V battery.
This battery provides approximately 25 min of autonomous
operation, and the range is approximately 27 km. One of the
initial design requirements requires the total weight of the
system, including the main aircraft, to be 5 kg. The maximum
payload contained in the tank is 2 kg because the total weight
of the airplane is 3 kg. The results show that when the mobile
node collects the data stored in a ground node, it needs 129 ms
to retrieve the data recorded in 1 day. The usual speed
and flight altitude of the drone (mobile node) are 18 m/s
and 20 m, respectively. In this condition, the mobile node
needs to consume 10.9 s to collect the data from a ground
node within 100 m. This time is adequate for covering
1814 measurement samples, which is symmetrical to approx-
imately 12.5 days of measurements. This measurement is
enough to ensure the transfer of agricultural field information
from the sensor network to the mobile node.

Mittleider et al. [33] presented a novel method for charging
WSNs based on UAVs. UAVs can be accurately localized
to 15 cm based on magnetic resonant sensors wherein
the GPS is inaccurate and needs line-of-sight between the
receiver and the satellite. However, the charging efficiency
can be increased when the transmitting (mounted by a UAV)
and receiving (fixed in the sensor node) coils are close to
each other. Consequently, the charging power of 5.49 W for
a 6 cm distance between the receiving and transmitting coils
is adequate for charging the battery of wireless sensor nodes
at a remote location.

Blain [21] presented a new mid-air inductive charging
technique that was able to charge several drones at the same
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time without needing them to land utilizing suggested global
energy transmission (GET). The GET consists of a hexagonal
structure of energy lines fixed on poles approximately 10 min
diameter. However, when a correctly set up drone hovers into
it, the GET can transfer up to 12 kW of power at efficien-
cies of 80%. Thus, the drone can fly about 25 minutes and
6 minutes stop in the air for battery charging. Consequently,
the drone can stay in the air for a long time and never needs to
land. However, this technique requires high energy resources
to transfer such high power into the air.

IIl. WPT SYSTEM DESIGN

The following subsections describe the mathematical anal-
ysis of the WPT, the adopted coils designed with related
parameters, the WPT system designed for alignment and
misalignment, and experiments with load for the aligned and
misaligned coils.

A. WPT MATHEMATICAL MODEL

Varying dynamic wireless environments show a dynamic
coupling factor (K). The coils are made from copper wires
to reduce the alternating current (AC) losses due to skin and
proximity effects. The coupling factor K is given by [34].

K =M/JL L, (1)

A coupling coefficient K is generally used to indi-
cate the amount of coupling between two coils, as shown
in Equation (1), where M is the mutual inductance between
the two coils, and L, and L are the self-inductances of the
transmitting and receiving coils, respectively. A high value
of K(up to a maximum of 1) indicates that a large portion
of the magnetic field generated by the transmitter coil is
coupled into the receiving coil, wherein K increases as the
coils approach each other. In loosely coupled WPT systems,
the values of K are extremely low. The two primary factors
for resonant coil performance are that they resonate close to
the same frequency and they have a sufficiently high quality
factor. The quality factor represents how well a resonant coil
can hold energy without losses to heat. For determining the
resonant frequency of a coil, its inductance must be calculated
first [7].

L = p,rN? (lng—r - 1.75) , )
]

where L is the inductance of the coil (mH), u, is the vacuum
permeability which equals 4 7x 10~/ H/m, r is the loop
radius of the coil, N is the number of coil turns, and a; is
the radius of the wire cross section.

The resonant frequency (f,) for the input and the output
in Equation (3) can then be computed, given capacitance (C)
and inductance (L), with the following equation [35]:

1
2/ LC

The other component is the quality factor of the reso-
nant coils (Qg), which can be found from [36] with the

Jo= 3)
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following equation:

_1\/? A
QR—E ok 4)

where R is the resistance of the coil (€2). The quality factor can
be increased in two ways to lower capacitance or resistance,
as shown in Equation (4). Capacitance is easily decreased by
either pairing a capacitor in series or by using new capacitors
with a low value. The real effect of a low capacitance is a
high resonant frequency, as shown in Equation (3), which
limits significant currents from voltages having less time to
overcome magnetic momentum. The other method for raising
the quality factor and lowering resistance is achieved by using
a low gauge wire for the resonant coils. However, low gauge
wires are heavy, and the amount of weight a UAV can carry
is limited.

Finally, the transfer efficiency nr can be calculated
based on Equation (5) by dividing the DC output power
(Ppc_output) by the DC input power (Ppc_input) [37].
_ P DC_output

nr &)

P DC_input

B. WPT COIL DESIGN

The design process of the transmitter coil can be described as
follows. A square wooden pad was used as a base to wind
the coil. The wooden pad size was 50 x 50 cm?, and its
thickness of 1.5 cm was selected to avoid the deformation
of the base during the winding. A 2 mm hole was drilled
in the center of the wood pad to insert one end of the wire.
18 AWG (1.02 mm) copper wire was adopted in the transmit-
ter coil. Next, the process of winding of the coil was started
until 150 turns were completed as shown in Figure 1(a),
which is also equivalent to 40 cm coil diameter. We applied
super glue between turns to maintain the shape of the coil.

The receiver coils were also mounted on the wooden pad
for the same reason. A circle with 40 cm diameter was drawn
to be identical with the diameter of the transmitter coil. Then,
several screws were fixed on the circumference of the circle
to give a circular shape as shown in Figure 1(b). The circular
shape is used in this study because a circular shape gives
more enclosed space (area) for a given distance (perime-
ter/circumference) than a square does, which results in higher
transfer efficiency. Next, the process of winding of the coil
(Figure 1) is started until the required turns were achieved.
When the winding of the coil was finished, the coil was tied
using cable ties. Copper wire with 24 AWG (0.51 mm) was
used to design several coils with 50, 60, 100, and 150 turns.
In addition, 18 AWG (1.02 mm) was considered to design
coils with 25, 75, and 100 turns. Various copper coil sizes are
considered in this study to select the ideal coil that can achieve
high transfer power and efficiency while keeping suitable coil
weight.

Several coils with two AWG were designed to select the
best coils for the transmitter and the receiver that can achieve
maximum power transfer, as shown in Figure 1. Conse-
quently, coil a (Figure 1(c)) was selected for the transmitter
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FIGURE 1. The designed coils: (a) design process of the transmitter coil,
(b) design process of the receiver coil, (c) transmitter coil, and (d) second
coil: receiver coil for the second design.

and b (Figure 1(d)) was designated for the receiver. Coil a
was designed as an FSC to ensure the alignment with the
receiver coil and to transfer maximum power. The coil was
made by using copper wire with 150 turns, a coil diameter
of 40 cm, and a thickness or wire diameter of 1.02 mm.
In this case, the measured inductance was 0.29317 mH to
generate a resonant frequency of 12 kHz when it is connected
to a 0.6 uF parallel capacitor based on Equation (3). The
low oscillating frequency (i.e., 12 kHz) was selected in this
study due to (i) the zero-voltage switching (ZVS) oscillator
available in our lab is limited to this frequency, where the
transmitter coil is permanently on the charging station (ii) low
frequency reduces parasitic losses, whereas it is dominant in
high frequency [38], and (iii) higher frequency is suitable
for using with a series resonator circuit [39], therefore it
does not used in the current application since the adopted
of the ZVS limited to parallel resonator. The available ZVS
oscillator is not compatible with the lightweight coil and the
small number of turns due to large heat dissipation. Due to
this limitation, we considered heavy weight coil and the large
number of turns in the current work. The novelty of our work
lies on several improvements, which include payload capac-
ity, flight time, transfer power, transfer efficiency, develop-
ment of sleep/wake algorithm, as well as solving the drone
misalignment issue. The receiver coils were designed as
MTCs implemented with a large diameter of 40 cm. One
of the coils was installed on the end of the drone’s hand
grips away from the control and communication parts to
avoid electromagnetic interference between the coils and the
components [28]. The specifications of the adopted coils were
measured and are presented in the next section (Table 1).
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TABLE 1. Specifications and parameters of transmitter and receiver coils.

Specification of coils Transmitter Receiver
coil (¢) coil (d)

Number of turns 150 T 60 T

Thickness of wire (mm) 1.02 0.51

Inductance (mH) 0.29317 4.039

Quality factor (Q) 24.33 13.69

Weight (g) 720 290

Resistance of inductor (Q) 1.3427 4.323

Diameter of coil (cm) 40

Air gap between (cm) 0-100

Operating frequency (kHz) 12

Operating source 24V/1 A

91 uH

91 uH

Q m—l Oscillator 12 KHz
R3
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FIGURE 2. Schematic of the implemented WPT system.

C. WPT SYSTEM DESIGN

The main objective in designing a WPT system is to recharge
the battery of the drone. In the implemented WPT system,
the transmitter coil is properly chosen from the FSC placed
on the pad of the base station, while the receiver MTC is
selected based on several tested coils. We selected the coil
that can transfer the maximum power while maintaining the
weight of the drone payload as much as possible. The receiver
coil is placed on the end of the drone’s hand grips to reduce
the vertical distance between the receiving and transmitting
coil. This solution allows for a considerable improvement in
system performance by an increase in the coupling coefficient
between the coils. A parallel to parallel (P-P) compensa-
tion [27] is selected in the transmitter and the receiver circuits,
as shown in Figure 2. The receiver coil is used to charge the
battery of the drone. This study considers a 22.2 V/5500 mAh
Li-Po battery for the X525 quadcopter drone.

The source or transmitting circuit comprises an FSC and
an oscillator circuit (i.e., ZVS 1000 W/20 A with a DC input
voltage of 12-30 V), which generates a frequency of 12 kHz.
This circuit generates oscillations using two metal-oxide-
semiconductor field-effect transistors (IRFP250N), two
general-purpose Zener diodes (12 V/1 W), two fast diodes,
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FIGURE 3. Misalignment test: (a) 1 cm, (b) 5 cm, (c) 10 cm, and
(d) 20 cm.

two parallel coupling capacitors, two radio-frequency choke
coils, and four resistors. The main components of the
receiver circuit consist of the MTC, two parallel coupling
capacitors, a bridge rectifier, an LM2596 DC-DC converter
(Texas Instruments, Dallas, TX, USA), and a charging con-
troller to charge the battery of the drone with a suitable
voltage (i.e., 24 V). Here, the battery of the drone can be
used as a load for the receiver circuit. The specifications
and parameters of the transmitter and receiver coils of the
WPT system are shown in Table 1.

D. MISALIGNMENT CONFIGURATION

In this study, the high level of possibility for solving the
lateral misalignment condition is achieved by adopting a
large primary and secondary coil configuration, as illustrated
in Figure 3. The second design, which is presented
in Figure 1(d) (i.e., MTC with 60 turns) is employed in
the receiver circuit for the lateral misalignment test with the
transmitter coil. The pad of the base station is implemented to
ensure a lateral misalignment of not more than 20 cm between
the transmitter and the receiver coils. However, four different
misalignment distances of 1, 5, 10, and 20 cm were experi-
mentally tested to evaluate the energy transfer performance,
as shown in Figure 3(a), (b), (c), and (d), respectively. The
transfer power and efficiency are measured for these distances
for the drone landing. The transferred energy is investigated
for different distances between 0 and 24 cm for each lat-
eral misalignment. The direct current (DC) and voltage are
measured every 1 cm, and the DC output power and transfer
efficiency are calculated when the receiving circuit is loaded
by the battery of the drone.
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TABLE 2. Summary and difference between experiment setup.

Experiment Scenario With No. No. of | Misalignm
Load of turns ent
coils Distance
(cm)
First Alignment Yes 1 60 No
Second Misalignme | Yes 1 60 1,5, 10,
nt and 20

E. WPT EXPERIMENT CONFIGURATION

The WPT system is intended for charging low-power-
consumption devices, such as low electronic appliances [27]
and drones. However, the proposed FSC (transmitter) and
MTC (receiver) topology generate strong leakage magnetic
fields. The measurement of the proposed MTC WPT at dif-
ferent distances is shown in Figure 4(a) (alignment system)
and 4 (b) (misalignment system). Two designs are imple-
mented and experimentally tested as follows and summarized
in Table 2. The first and second experiments were conducted
in the presence of a load. Once the best coil has been identi-
fied, it is later used in the first and second experiments under
the load conditions.

(i) First Experiment The experiment is implemented for
an alignment system with a load. The FSC is tested
with the second coil, which was previously shown
in Figure 1(d). The second coil consists of one tap
(i.e., 60 turns). The number of turns is selected based
on the first and second experiments, wherein a tradeoff
between coil weight, transfer power, and efficiency is
achieved to obtain acceptable transfer performance and
weight.

(i) Second Experiment The experiment is implemented
for a misalignment system with a load. A total of four
lateral misalignment distances (1, 5, 10, and 20 cm) are
investigated in this experiment. The FSC is tested with
the second coil (i.e., 60 turns), which was previously
shown in Figure 1(d).

The FSC is constant in all the experiments, whereas the
MTC is moving with constant air-gap steps. In the first and
second experiments, air-gap steps of 5 cm until 100 cm
are adopted. For the first and second experiments, air-gap
steps of 1 cm until 24 cm are considered. The difference
in the air-gap steps for the experiments is attributed to
the proposed loaded and unloaded WPT system, wherein
the transfer power and efficiency are decreased to a large
extent after 24 cm in the loaded system. For each posi-
tion, the transfer voltage, current, power, and efficiency are
measured with respect to the distance, as presented in the
results section. The measurements are conducted in a lab-
oratory, as shown in Figure 4(a) and 4(b), using a digital
multimeter (DT9205, Dowdon), an oscilloscope (MCP Lab
Electronics/DQ7042C, Shanghai MCP Corp.), and a mea-
surement tape (0—100 cm). In addition, a DC power source
(GPS-3030D, Cole-Parmer) is employed to supply the trans-
mitter circuit.
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FIGURE 4. Measurement of the implemented WPT at different distances
in the laboratory for (a) alignment system and (b) misalignmen
system.

IV. DRONE SYSTEM DESIGN

The following subsections highlight the flight time and power
consumption analysis, the design and implementation of the
drone with related components, and the platform charging
with the structure.

A. FLIGHT TIME AND POWER CONSUMPTION ANALYSIS
The drone flight time F;, which is expressed in hours, can be
calculated mainly based on the battery capacity Cp, which is
expressed in amp-hours (Ah). A 5.5 Ah system is considered
in our study and the active drain current of the drone (Ay) is
measured in A. The drone flight time can be governed by a
single formula as follows:

F; = Cp x Dp/Aq, (6)

where the D is the battery discharge allowed during the
flight. It is common to not discharge Li-Po batteries by more
than 80% in experiments because they may be damaged if
fully discharged.
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The average drain current of the drone (A;) can be com-
puted by applying Equation (7).

Ag = Wr x PJV, )

where Wr is the total weight of the drone that goes up
in the air, including the MTC of the WPT and all the
installed components, measured in kg. In our application,
the total weight is approximately 1.892 kg, P is the lifting
power of 1 kg of the apparatus expressed in W/kg, which is
approximately 120 W/kg, and V is the adopted battery volt-
age, which is 22.2 V in this experiment.

The drone battery lifetime By7 in a traditional operation
can be computed based on Equation (8).

Brr = (Cp/Aa) % (1 = D), ®)

where Dy is the battery discharge safety which indicates the
fraction of the battery that is never used. The adopted Li-Po
battery is not discharged below 20% to avoid damage.

We further applied a sleep/wake strategy to improve the
drone battery lifetime. The drone can enter sleep mode when
it is not on a mission in the farm field. This task can be
achieved automatically when the drone lands on the pad of the
base station by switching off the battery from the drone using
a small controller circuit. The controller circuit is switching
between ON and OFF. When the drone is on the landing
position, the controller disconnects the drone from the battery
and connects it to the charging circuit. Thus, the power of the
battery can be saved. In this case, the formula for the drone
average current consumption, A,y can be expressed as

Agg = [Ag x T)) + A x T /(T + T2),  (9)

where A; is the current consumption in sleep mode, and T}
and T are the active and sleep times, respectively.

The battery power saving of the drone can be calculated as
Equation (10),

Power savings (%) = (Ag — Aavg)/Ada (10)

B. DRONE COMPONENT INSTALLATION

The components and the apparatus should be distributed
throughout the drone’s body. The first limitation of the
WPT design is that the size, weight, and shape of the receiver
coil (i.e., MTC) must be effectively designed to recog-
nize the apparatus. Meanwhile, the charging system-based
WPT system should be sensibly efficient in terms of transfer
power and efficiency.

The drone (X525 quadcopter) is assembled and equipped
with a 60-turn MTC wireless charging coil to charge its
battery. The receiving coil is placed on the end of the drone’s
hand grips with no air gaps (i.e., 0 cm) between the FSC of
the transmitter circuit and the MTC of the receiver circuit,
as shown in Figure 5. The payload of the drone poses a
challenge in our MTC design. Consequently, the weight of
the MTC is reduced as much as possible to 290 g, and the
final total weight of the drone is 1.892 kg. The drone for
this research is able to carry 0.555 kg payload. Based on
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FIGURE 5. X525 quadcopter drone landing support.

TABLE 3. Calculation of drone weight.

Parameter Weight (kg)

ZigBee (S2C) with Base 0.009
Base of Receiver Charging 0.105
Solar cell (1 W/5 V) 0.019
Base of Battery with Charge Controller (5 V) 0.045
Two Battery Li-Ion (7.4 V/2600 mAh) 0.087
Secondary Coil 0.29
Payload weight 0.555
Drone weight 1.337
Ratio of payload weight to the drone weight 41.51%
Ratio of Qn-board coil weight to the total 21.69%
drone weight

the circuit and electronic components attached to the drone,
it can be observed that the WPT circuit and components
only take 41.51%, i.e., (0.555/1.337) x 100% of the pay-
load. The weights for the different parts of the drone are
shown in Table 3. Forl000 V/4 A diodes are used as
the AC to DC rectifier circuit. The 55 V DC output (with
no air gap between the MTC and the FSC) is converted
to 24 V to charge the battery of the drone based on the
step-down LM2596 DC-DC converter, and then the output
is connected to a charge controller to control the charging
process of the battery of the drone.

The charging controller disconnects the charging current
and voltage from the battery when it becomes fully satu-
rated. These elements are mounted on a board on the top
side of the drone’s body, as shown in Figure 5. In addition,
the drone includes a ZigBee S2C router node, a 1 W/5 V solar
cell to supply energy to the router node, a drone controller
(ARDUCOPTER), a GPS, and a 22.2 V/5500 mAh Li-Po
battery. The router node, which is supplied with power by the
battery and the 1 W/5 V solar cell, can enter sleep mode to
save energy when there is no data transmission.

C. DRONE CHARGING PLATFORM DESIGN

The drone base station is shown in Figure 6. It is manufac-
tured to meet the requirements of the drone and the farm fields
in terms of power sources and structure. The frame of the base
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FIGURE 6. The base station of the drone.

station is made from steel. The height of the station is 2.7 m
from the ground. The base station consists of:

(1) A50cm x 50 cm FSC WPT pad for landing and takeoff

(i)) An FSC WPT coil with a 1 A/12-30 V DC input
ZVS oscillator circuit
(iii)) Two 2 x 30 W 60 W/36 V solar panels positioned on
the left and right sides of the station frame with an
inclination of 30° to face the sun
(iv) A rechargeable 24 V/7 Ah battery
(v) An LM2596 DC-DC converter
(vi) A battery charger controller, and
(vii) A force-sensitive resistor (FSR) to switch the drone
charging on and off.

‘When the drone lands on the station, the FSR sensor senses
the weight of the drone and turns on the charging circuit.
Otherwise, the FSR sensor turns off the charging circuit to
keep the ZVS oscillator circuit and the FSC in the off state
during a drone mission in the farm field and to save the energy
of the base station’s battery.

The solar panels are used to charge the base station battery
through the DC-DC converter and charger controller. The
battery supplies the ZVS oscillator circuit and the FSC with
DC power during the drone’s landing. The solar panels are
sufficient for fully charging the battery of the base station
with the required charging voltage (i.e., 24 V) and current
(1.667 A) in less than 4.8 h. This charging period is shorter
than the mission cycle of the drone, wherein one mission
cycle is planned every six hours to collect the data of the
sensor nodes distributed in the farm field. Thus, the battery
of the base station can be safely recharged.

V. EXPERIMENTAL RESULTS AND DISCUSSION

Two experiments were conducted based on the number of
coils turns to select the best one for the drone in terms of
transfer power and efficiency and to ensure the lightweight
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payload of the drone. The results from several test cases are
presented in this section, which include (i) alignment with
load (MTC-one tape), (ii) misalignment with load (MTC-one
tape), and (iii) drone flight time and battery life results.

A. FIRST EXPERIMENT: ALIGNMENT WITH LOAD
(MTC-ONE TAPE)
The FSC was tested with the second coil, which was previ-
ously shown in Figure 1(d). The second coil consists of one
tap with 60 turns. The experiment was implemented for an
alignment system under a load condition (i.e., drone battery).
This number of turns was selected based on the results of the
first and second experiments, wherein a tradeoff was achieved
between the coil weight and the transfer performance (trans-
fer power and efficiency). Figure 7(a), 7(b), 7(c), and 7(d)
show the AC output voltage of the MTC at different distances.
Figure 7(a), 7(b), and 7(c) illustrate a pure sine wave at
distances of 0, 1, and 4 cm, respectively. Figure 7(d) shows
the sine wave with its distorted spectrum and the shape of the
signal close to a square wave, which was due to the increased
distance with the presence of a load. However, the amplitude
of the signal was attenuated when the distance was increased.
The relationships between the transfer distance, the DC
output power (right y-axis), and the transfer efficiency (left
y-axis) are shown in Figure 8. The figure shows the perfor-
mance of the MTC under the tested distance of 0-24 cm with
a load. The figure shows that the DC output power decreased
with distance. The DC output power and efficiency were
20.46 W and 85.25%, respectively, at 0 cm. The DC output
power and efficiency decreased to 15.4 W and 64.16%,
respectively, at 1 cm. However, they rapidly decreased
to 4.2 W and 17.5% at 4 cm. Furthermore, the DC output
power and efficiency were gradually decreased with distances
beyond 4 cm.

B. SECOND EXPERIMENT: MISALIGNMENT WITH

LOAD (MTC-ONE TAPE)

The FSC was tested with the MTC with 60 coil turns
for several misalignment situations under a load condition
(i.e., drone battery) to explore the transfer DC power and
efficiency. The experiment was carried out for a lateral
misalignment between the FSC and the MTC at four dis-
tances of 1, 5, 10, and 20 cm. The transfer DC power and
transfer efficiency were recorded for these cases, as shown
in Figure 9(a) and 9(b), respectively. For each lateral mis-
alignment, the vertical distances between the transmitter coil
(on the pad of the base station) and the receiver coil (mounted
on the drone) were investigated in the range of 0-24 cm, as
shown in Figure 9.

The maximum transfer DC power (17.1 W) and efficiency
(71.25%) were recorded at 1 cm lateral misalignment and
at 0 cm vertical distance. Transfer DC output powers of 9.9,
4.316, and 2.451 W were noted at 5, 10, and 20 cm lateral
misalignments, respectively, for O cm vertical distance. The
transfer power decreased with distance for all lateral mis-
alignments and vertical distances, as shown in Figure 9(a).
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FIGURE 7. Output waveforms of MTC with load at (a) 0 cm,
(b) 1 cm, (c) 4 cm, and (d) 6 cm.

Transfer efficiencies of 41%, 17.98%, and 10.21% were
recorded at 5, 10, and 20 cm lateral misalignment, respec-
tively, for O cm vertical distance. The transfer efficiency
decreased with distance for all lateral misalignments and
vertical distances, as shown in Figure 9(b).

C. DRONE FLIGHT TIME AND BATTERY LIFE RESULTS

The drone flight time and battery life can be estimated based
on Equations (6-9) presented in Section IV, A, as shown
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TABLE 4. Calculation of drone flight time.

Parameter Value
Wr (kg) 1.892
P (W/kg) 120
V (V) 22.2
A4 (A), based on Eq. (7) 10.216
Cp, (Ah) 5.5
D, 80%
F, (h), based on Eq. (6) 0.43 h (25.84 min)

in Table 4. Table 4 shows that the drone can fly for
25.84 min using a 5.5 Ah/22.2 Li-Po battery. This period
can be extended when the battery capacity increases to 8 Ah
or over. However, in this case, the drone payload will be
increased. Therefore, a tradeoff between flight time and drone
payload is necessary. Table 5 presents the measurements
of the drone battery life with and without the sleep/active
strategy.
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TABLE 5. Comparison between the proposed MTC method at alignment conditions and previous studies.

Ref Types of drone Techni | Payload Flight time | Frequenc | Distance Output Transfer
que (g) (minute) y (kHz) (cm) power (W) efficiency (%)
[30]/2012 Qud. AscTec MRC 76 15-20 190-210 4 12.5@ 4 cm 40
Hummingbird
[12]/2017 Parrot bebop CcC N/A 12 6,780 zero 12 50
drone 1
[11]/2017 Qud. AR. drone IC N/A 12 N/A Zero 10 75
2.0
MTC (this work) Qud. DJI X525 MRC 290 25.84 12 Zero 20.46 85.25
MRC: Magnetic resonator coupling; IC: Inductive coupling; CC: Capacitive coupling; Qud.: Quadcopter
TABLE 6. Near field comparison with other previous works.
Ref Number of turns (T) Type of Transfer Transfer Transfer Frequency
Tx Rx shape coil power (W) distance (mm) efficiency (%) (kHz)
[40]/2019 (based-CWC) 5and 10 10 circular 64.87 6 57.94 364.44
[41]/2018 (based-CWC) 2 1 circular 13 75 60 13560
[42]/2017 (based-CWC) 5 5 square 2.8 22.5 41.7 13560
[43]/2016 (based-CWC) 9 9 circular 3.1 0.6 48.2-51.2 110-210
[44]/2015 (based-CWC) 14 14 square and 0.1 10.4 30 6780
circular
[45]1/2015 (based-CWC) 9 9 circular 4.5 N/A 65 97.56
This work (based-CWC) | MTC 150 FSC 60 circular 20.46 @ 0 0, 100, and 200 8525@0 12
15.4 @ 100 64.16 @ 100
12 @ 200 50 @ 200
CWC: copper wire coil

In a traditional operation (i.e., without sleep/active strat-
egy), the battery life lasts 25.84 min. However, it can be
extended to 851 min based on the sleep/active strategy. In the
strategy, we assumed one drone mission every 4 h to collect
the climate conditions of the farm field. The drone mission
duration of approximately 5 min was required in the farm
field to collect the sensor information, and the resting time
was 235 min. This means that the drone consumes 2.127%
(5/235) of the battery during each mission.

As aresult, 96.9% of the drone battery’s power savings can
be achieved based on Equation (10). However, this percentage
may be increased or decreased based on the duration of the
drone’s mission to collect data from the sensor nodes in the
farm field. The time required to charge the battery fully, Br,
can be expressed in Equation (11). Hence, approximately 15 h
was required to charge the adopted Li-Po battery fully with
a 5.5 Ah capacity when the charging rate current, A., which
equaled 370 mA, was considered at O cm between the drone’s
transmitter and receiving coils.

Br = Cp /A, (I

The battery life was prolonged to 851 min (14 h) based on
sleep/active strategy. This value enabled the drone to make
approximately 170 missions, i.e. 851 min/5 min of estimated
value until the battery needed to be recharged. In other words,
the battery life enabled the drone to conduct missions for
28 days (170 mission/6 missions per day) without needing
to be recharged. For each experiment, the drone was on the
landing pad for 235 min (3 h and 55 min), wherein the battery
of the drone was charged. Therefore, the battery of the drone
can be charged for 658 h in 28 days (235 landing time x
6 times charging per day x 28 days/60), wherein 15 h was
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enough to charge the battery fully. This value (i.e., 658 h) was
43 times the time required to charge the battery of the drone
fully.

The tradeoff between weight and power transfer efficiency
is critical for the drone payload. The weight reduction comes
with the expense of reduction in power transfer efficiency.
Based on the payload capability, the considered drone can
still carry the developed wireless charger circuit (secondary
coil) which form 52.25% from the total payload (555g). Addi-
tionally, a drone that carry higher payload will benefit from
higher power transfer efficiency. In this study, the transfer
efficiency was tested with 71% in misalignment conditions
and the transfer power was 17.1 W that is adequate to charge
the battery of drone within 15 hours.

VI. RESULTS COMPARISON

Several articles on WPTs adopted to provide drones with
energy were compared with our proposed WPT system. The
comparison was achieved based on performance metrics,
such as transfer efficiency, power, and distance, adopted
WPT, type of drone, payload of drone, and drone flight time
for alignment systems, as shown in Table 5. In addition, near-
field WPT that is adopted in this work using FSC and MTC
was compared with previous works as shown in Table 6.
The previous methods were similar to our work in that
they utilized copper wires in the coil design. The proposed
FSC (transmitter) and MTC (receiver) methods are closely
related to the models of previous studies in terms of transfer
efficiency and DC output power.

VIi. CONCLUSION
Two experiments on proposed autonomous WPT systems
were conducted in this study to select the optimum solution
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that can charge the battery of the drone assigned to collect the
climate conditions related to the agriculture of the farm field.
Based on these experiments, the FSC coil with 150 coil turns
in the transmitter circuit and the MTC comprised of 60 coil
turns in the receiver (i.e., drone) were selected to accomplish
the maximum transfer power and efficiency from the source
coil to the drone.

The alignment and misalignment between the transmit-
ter and receiver coils were investigated in terms of transfer
power and efficiency. The battery of the drone was efficiently
charged based on the proposed WPT system, and the drone
can be collected from the climate conditions of the farm field
during the missions.

The drone flight time was estimated based on the adopted
battery capacity and the payload of the drone, which mainly
depended on the coil weight. Compared with the conven-
tional operation (i.e., 25.84 min), the battery of the drone
was prolonged to 851 min based on the sleep/active strat-
egy. This means the battery life of the drone was 32 times
greater than the battery life in traditional operations. How-
ever, the power consumption may be increased when the
active time is increased and vice versa. The power consump-
tion of the mobile router node, which was carried by a drone,
was improved based on the solar cell. In addition, future
experiments can incorporate the use of wireless Internet of
Things (IoT) technologies, such as LoRA, SigFox, and embed
relevant agriculture sensors for monitoring farm field climate
conditions, such as wind speed and direction, soil tempera-
ture, CO; concentrations, light intensity, barometric pressure,
and rainfall.
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