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Abstract: Recent major advancements in drone charging station design are related to the differences
in coil design between the material (copper or aluminum) and inner thickness (diameter design) to
address power transfer optimization and increased efficiency. The designs are normally challenged
with reduced weight on the drone’s side, which can lead to reduced payload or misalignment position
issues between receiver and transmitter, limiting the performance of wireless charging. In this work,
the coil combination was tested in vertical alignment from 2 cm to 50 cm, and in lateral misalignment
positions that were stretched across 2, 5, 8, 10, and 15 cm ranges. Simulated and experimental
results demonstrated improved transfer distances when the drone battery load was 100 Ω. With the
proposed design, the vertical transfer power that was achieved was 21.12 W, 0.460 A, with 81.5%
transfer efficiency, while the maximum lateral misalignment air gap that was achieved was 2 cm with
19.22 W and 74.15% efficiency. This study provides evidence that the developed circuit that is based
on magnetic resonant coupling (MRC) is an effective technique towards improving power transfer
efficiency across different remote and unmanned Internet of Things (IoT) applications, including
drones for radiation monitoring and smart agriculture.

Keywords: drone battery life; energy efficiency; force-sensing resistor; multi-turn copper wire coil;
lateral misalignment; power consumption; single tube loop aluminum coil; vertical alignment

1. Introduction

As the need for charging electronic devices continues to increase, so does the demand
for energy as a necessary component of our daily lives [1]. Wireless power transmission
(WPT) comprises different technologies for the transmission of electromagnetic (EM) energy
through physical matter and objects, such as, air, water, or walls [2]. Unlike traditional
wire-based power transmission, WPT technology is not constrained by cables and does not
produce electrical sparks, thus enabling high mobility charging [3]. Furthermore, damaged
or loosened copper cables present a hazard when charging devices [4,5]. Therefore, wireless
charging autonomy is the preferred method of energy pooling over short or medium ranges
for devices, such as drones, after achieving close contact with a power source [6]. Drones
or unmanned aerial vehicles (UAVs) generally operate on high-powered batteries, such
as Li-po batteries, resulting in limited flight times and shorter distance deployments. The
exhaustion of the power source onboard the aircraft is one of the main challenges of these
systems in the fixed missions of any UAV [7]. Equipping drones with a larger battery unit
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does not solve the problem as it increases the weight of the aircraft, thereby reducing the
available weight for the payload, such as the coil, which is a critical element in WPT [8].

Secondly, a UAV or drone battery must often be charged for a long time. Therefore,
highly efficient battery use during flight requires direct intervention from humans or the
drone must be completely independent during direct charging [9]. However, wireless
charging of the drone battery depends on the coil’s design diameter, outer and inner coil,
and the number of turns to increase the transfer power efficiency and distance between the
two coils. The imbalance in lateral misalignment distance between two coils while charging
is a permanent electrical engineering problem that remains a challenge [10]. Therefore,
this problem has prompted the need for continuous verification because the two coils are
usually not perfectly aligned due to differences in the coupling factors and the wrong
hovering position of the drone. Moreover, these differences can decrease the transfer
distance and power transfer efficiency of the receiving coil, causing fluctuations during
the charging process [11]. Therefore, improving the energy transfer efficiency and transfer
distance in several directions is crucial to achieve energy transmission with high efficiency.
Generally, to alleviate this problem, the diameter of the primary winding must be greater
than the diameter of the secondary winding and equal to twice the distance between the
two windings [12], or a group of several fixed primary windings must be used to charge a
single winding [13].

Some researchers have studied the problems of limited battery life, long charging
times, short distances, precision requirements when smart devices use a transmitter pad
with the axial alignment distance and lateral misalignment in different directions, and low
transfer power efficiency for long distances. The coil dimensions are defined correctly when
the axes of the z parameters of the coupled coils coincide at an axially aligned distance
perfectly [14]. The rotation of the plane containing one coil from a pair of coupled coils
without a change in the coil alignment results in planar rotation [15]. Range variations arise
from changes in the distance between a pair of coupled coils. The vertical alignment could
manifest in two forms: angular or lateral misalignment. These alterations in configuration
may occur individually or could appear together at varying degrees in a coupled interaction
between the transmitter and the receiver coils.

Drones are expected to be the strength of smart flying as they could act as the first
respondent to any emergency that may arise. However, they have a huge limitation of
having very low-power densities, an inability to sustain longer flight times, and hovering
in the wrong directions that cause loss of power [16]. To optimize energy transfer per-
formance, the misalignment transmission distance between the transmitter and receiver
coils is the main limitation of magnetic resonator coupling (MRC) methods, which are
sensitive to transmitting and receiving coil alignment. However, this is limited by each of
the coils’ diameters (large or small), the line spacing of each coil, and the distance between
the transmitter and receiver coils [17]. Researchers have been attempting to reduce mis-
alignment using two major approaches [18]. The first approach is the auto-alignment of
the two coils by either the movement of the transmitter or receiver coil, and the second is
through electrical manipulation, such as resonance or modifying compensation topologies.
Regardless, major challenges in the adoption of WPT technology still exists due to the types
of power amplifiers that are available for far-field applications.

Two methods can be implemented to improve payload due to charging purposes and
the misalignment challenges. First, the battery of the transmitter circuit can be automatically
charged after the drone lands at the base station. However, this method is still unfeasible
due to the inaccuracy of landing positions. Second, the battery of the transmitter circuit
can be charged by the battery of the receiver coils of the drone by using a class E power
amplifier (PA). In addition, a spiral coil platform is used for the force-sensing resistor (FSR)
as an ON/OFF switch for drone landing that gives higher accuracy during battery charging
of the coil receiver.

The two techniques that can be implemented for the drone charging station were
considered as solutions in this paper. The first method optimizes the weight of a coil
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against maximum transfer efficiency and distance by testing several coils parameters in a
simulation and selecting the best material such as aluminum or copper. The second method
is to use an electrical connection (such as a Class E PAs) between the drone coil receiver
and the transmitter station coil.

This work aims to solve the misalignment’s tolerance by simulating and designing a
suitable coil for the platform station between the transmitter and receiver side at various
distances. In addition, our work proposed using FSR as the first solution to know the
landing position of a drone on the platform. Because a drone cannot hover in a static
position and can fluctuate in angular and planar misalignment situations which cause
difficulty in modelling, this study concentrated on two types of misalignments, i.e., vertical
misalignment and lateral misalignment (horizontal). This is most common in drones that
are used in applications such as radiation monitoring and smart agriculture. The drone is
controlled remotely in a fixed straight path and air impedes diagonal movement between
the wings.

This study proposes a drone charging platform based on a new WPT design and
analysis method under vertical and misalignment conditions. The study considers the
misalignment between the transmitter and receiver coils focusing on transfer power, ef-
ficiency, and distance. The WPT system was designed, simulated, implemented, and
tested considering the suitable weight of the landed drone and by maintaining drone
hovering conditions.

The design was obtained after different simulations and validated with an exper-
imental laboratory test. The main focuses regarding WPT were the transfer coupling
coefficient, quality factor, mutual inductance, transfer power, coil design, and to some
extent, the transfer efficiency increases as described in [9]. Several articles have discussed
the major concerns about recharging the battery using the WPT-based misalignment coil
approach [10,19–21], and they are highlighted in the next section.

2. Related Works

Transfer power and efficiency are common problems in designing WPT as both result
in decreased system performance. Misalignment between the transmitter and receiver coils
of a WPT system for charging a drone battery has posed an additional challenge, especially
in transferring higher power at high efficiencies, which has limited the potential use of WPT
for future applications such as in the IoT [22]. Therefore, several studies have been directed
in this area in recent years. However, the misalignment between coils in WPT still poses a
challenge. Although many researchers have conducted experiments, and extensive efforts
have been made on the development of near-field (NF) WPT techniques (i.e., IC and MRC)
and have been presented, several practical challenges have yet to be fully resolved. These
include coil orientation, air gap, transfer power, transfer efficiency, operating frequency,
misalignment positions, coil weight, coil size, and electromagnetic radiation interference,
especially in high frequency applications with RF components. The main advantages of all
onboard components are their lightweight and compact designs.

Several researchers have reviewed alignment and misalignment conditions in terms of
distances and angles and found several solutions such as the minimization of variations
in the perpendicular component of the magnetic field [10], a solution to the inverse field
problem [19], tunability of the impedance network [21] and repressing the increase in
mutual inductance [23]. These solutions can increase transfer efficiency, power, and distance
for this type of misalignment solution [8,14,24].

Campi et al. [25] designed a primary coil (copper Litz wire on the receiver and tube
coils on the transmitter) to withstand severe coil misalignment conditions; the landing gear
of the secondary coil with a suitably formed aluminum tube has a minimal effect on the
drone’s (DJI F550 with five motors) aerodynamics, coupled with the additional weight
(78 g) of the platform station. According to the results, the proposed system reduced the
electrical loss and maintained good mechanical properties by assuming a different size of
landing gear (e.g., the landing point height) and a frequency of 300 kHz with a maximum
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power of 70 W. These results demonstrated that in the design circuit, series–series topology
(S–S) is better than series–parallel (S–P) according to the number of turns of the primary
coil, which range from 1 to 10. They also tested several load resistances (RL) from 1 to 20 Ω
with 90% to 95% transfer efficiency between the calculated and measured misalignment
ranges (from 5 to 30 cm) between the x-axis and y-axis. In this work, there is a small coil
design on the drone and a large tube coil with a 10-turn coil on the platform station, which
is a limitation of the work as the system loses more power.

Lan et al. [26] presented a Class EF PA inverter and Class D rectifier based on a high-
frequency MRC system built with lightweight copper pipe air-core coils at both ends and
lightweight electronics on the receiver side. The designed WPT charging platform is circular
with a 1m diameter, thus allowing for the lateral misalignment of up to 250 mm with a
transfer efficiency of 70% and a frequency of 6.78 MHz. The DJI Matrice 100 quadcopter
drones were supplied with 22.2 V and 4500 mAh with a Lithium-Polymer (Li-Po) battery
for WPT, which was designed to charge the same battery when using wire. The designed
coil (inner: 350 mm and outer: 40 mm) was built with a box (platform) with a two-turn
square shape for an increased Q-factor and inductance of 1143 and 1.13 µH, respectively,
with a 140 mm transfer distance capacity. The drone landed on the charging pad nine
times successfully.

Yusmarnita et al. [27] proposed a Class E PA by studying the effect of switching and
performance analysis behaviors at a frequency of 1 MHz. They designed an electronic
circuit (using a Proteus simulation electronic circuit) based on Class E PAs, then analyzed
and compared the measured, theoretical and simulated results. The electronic circuit design
consists of the resistance load network and a single transistor operated as a switch at the
carrier frequency of the output signal. The simulation experiment achieved a power input
and output of 9.84 and 8.62 W, respectively, with an efficiency of 87.56%. The experimental
result achieved 98% transfer efficiency with 9.60 and 9.45 W power input and output
values. Finally, the theoretical calculation reached 10 W of input and output power, with
a transfer efficiency of 100%. The operating frequency of the proposed system was equal
to 1 MHz. The switch control signal type was IRF510 MOSFET, which used a PIC16877A
microcontroller, and the results indicated that the zero-voltage switching (ZVS) condition
could be completed effectively.

Wang and Song, et al. [28] presented a circuit based on Class E PAs using a ZVS
oscillator. The theoretical calculation and simulation of MRC WPT system parameters were
investigated. They achieved high power–delivery efficiency and low current according to
an analysis of the load current waveform (0.156 A) and voltage (28.2 V). In their paper, they
introduced theoretical and simulation results without the designed coil. Their calculation
results showed improvement in the transfer efficiency with low current and a high voltage
of 29.34 V. However, the comparison between the calculation and simulation results was
inconsistent with the analyzed theoretical results.

Kang et al. [29] proposed and analyzed the effect of the misalignment of resonators
based on an MRC wireless power-charging system that used a slit ground resonator on a
laptop computer with a dimension of 24.5 cm × 39 cm. The proposed system was tested in
correct alignment and misalignment conditions. The design achieved good results when
used in alignment conditions. However, the transfer efficiency decreased by 45% when
there was a misalignment between the movable receiver and the transmitter. The tube
coils were designed for the transmitter (one turn as a square) and receiver (five turns in a
circlular shape), resulting in the mutual inductance of 0.905 µH at 100 mm when increasing
the diameter to 600 mm for both coils. The results improved the mutual inductance and k
in lateral misalignment distance. This is useful only for charging laptops on a table when
increasing the diameter of coils with a transfer efficiency of 55% at 200 mm. Note that by
designing the big rectangular coil geometry, such as its width, dimension, and number
of turns on the transmitter side and the circular coil on the receiver side at the center, the
misalignment tolerance between a transmitter and receiver coil can be solved.
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Rybicki et al. [30] presented a prototype of an MRC system in the design of a Class
E PA, which was selected due to its ability to achieve highly efficient DC–AC conversion.
However, the serial to parallel (S–P) connection of resonance capacitors was intended to
operate at 1 MHz at high frequency. The selection of the rectifier parameters allowed
operation at a high efficiency (80%) and with a transfer distance of 7.5 cm, with a k equal
to 0.196 of RLC impedance through the simulation and analysis of the matching circuit
coil design.

The WPT system suffers from reduced transmission performance during energy trans-
mission due to the mismatch between the cores of the two coils (transmitter and receiver).
Many types of alignment configuration exist between coils, such as vertical variation,
planar, angular, lateral (horizontal), planar and horizontal, and angular horizontal [31].
All alignments have different directions and applications. Thus, the basic parameters,
such as mutual inductance, efficiency, and output power, vary during experiments [32].
Rohan et al. [33] used an intelligent automatic alignment algorithm based on the hill climb
algorithm to control misaligned coupling between coils. A control unit was suggested and
executed to measure the terminal voltage of each transmission coil and align the midpoint
of the transmiting and receiving coil.

In most recent studies, several attempts using the multi-loop topology in impedance
matching have made sure that the MRC state, even with a differing distance between
the transmitting and receiving coils, reduced the variation of the input impedance [34].
The general technique [35] developed by Massachusetts Institute of Technology (MIT)
researchers is a highly resonant magnetic WPT, which reduces the misalignment problem
to a certain extent for 2 m of transfer distance. WPT is limited by three factors: (1) Efficient
and long-distance power transfer; (2) The International Commission on Non-Ionizing
Radiation Protection (ICNIRP) established limits on the strength, frequency, and other
factors of electromagnetic radiations and fields used in wireless applications; and (3) the
IEEE and ICNIRP established electromagnetic radiation limits, which may make designing
a system difficult. The lateral misalignment distance depends on the efficiency and air gap
of various factors, such as coil directions, alignment, frequency, and coil design between
the transmitter and receiver coils of the WPT system.

This paper aims to address two problems that were not tackled in the previous studies.
The first was the receiver coil’s payload minimization, which can be solved by choosing
lighter materials (e.g., aluminum) and testing the coil design by simulation. The second
problem is the issue of low transfer power in misalignment conditions. We propose to solve
this problem by improving the design of a Class E PA at the transmitter circuit.

3. WPT System Design

The following subsections explain the mathematical and simulatory foundations of
the WPT and the design of the proposed multi-tube spiral copper coil (MTSCC) at the
transmitter circuit, and single-tube loop aluminum coil (STLAC) at the receiver with
the related parameters. In this work, the design of the proposed basic WPT system has
been revised using simulatory and experimental approaches with different aligned and
misaligned coils.

3.1. WPT Simulation Models

The resonant frequency (fr) for the input and the output circuit is proposed to be
1 MHz. Given the chosen value, the capacitance of transmitter (CS) and receiver (CR), and
the inductance of the transmitter (LS) and receiver (Lr) coils can be computed with the
following Equation (1) [36]:

fr =
1

2π
√

LsCs
=

1
2π
√

LrCR
(1)
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Re (Z1,1), Re (Z2,2), Im (Z1,1), and Im (Z2,2) represent the real and imaginary parts of the
Z-parameters of both the transmitter and receiver. The quality factors of the transmitter
(Q1) and receiver (Q2) coils are calculated from Equations (2) and (3) [37]:

Q1 =
Im (Z1,1)

Re (Z1,1)
(2)

Q2 =
Im (Z2,2)

Re (Z2,2)
(3)

The Im of both the transmitter and receiver coils are given as Im (Z1,1) and Im (Z2,2), re-
spectively, while the coil LS and Lr can be calculated as shown in Equations (4) and (5) [37]:

LS =
Im (Z1,1)

2π f
(4)

Lr =
Im (Z2,2)

2π f
(5)

The other component, the mutual inductance (M) between transmitter and receiver
coils can be obtained from a simulation of the Z-parameter as in Equation (6), and the
coupling coefficient (k) is calculated from Equation (7):

M =
Im (Z2,1)

2π f
(6)

k =

√
Im (Z1,2) Im (Z2,1)

Im (Z1,1) Im (Z2,2)
(7)

The maximum WPT efficiency (Max.WPTE) is represented by (ηmax) as in Equation (8) [38]:

ηmax =
k2Q1Q2(

1 +
√

1 + k2Q1Q2

)2 × 100% (8)

The overall power transmission efficiency between the transmitter and receiver is
often denoted by the transfer efficiency link (ηlink), which will be investigated throughout
the rest of this paper. Based on the ηlink optimum load resistance level chosen according
to Equation (9) [14], the load quality factor (QL) of the WPT system in simulation can be
obtained from the following equation:

ηlink =
k2Q1Q2

2

(QL + Q2)
(

Q2
QL

+ k2Q1Q2 + 1
) × 100% (9)

The load resistance (RL) can be obtained through Equation (10),

QL = 2π f × CS and R × RL (10)

where the parasitic capacitance of transmitter (CS) and receiver (CR) coils are presented in
Equations (11) and (12) [39].

CS =
1

4× π2 f 2 × LS
(11)

CR =
1

4× π2 f 2 × Lr
(12)

Using ANSYS HFSS V15.03 solver simulator software [40], STLAC and MTSCC designs
can be easily calculated using Z-parameters. The other method for improving the QL when
lowering the real part of the Z-parameters was achieved using a high line-space (referring
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to the distance between each number of turns) for the resonant tube coils. However, high
line-space coils are heavy, and the amount of weight a UAV can carry is limited.

In this paper, the design uses a heavy multi-tube spiral copper coil on the station’s
pad for the transmitter and a low weight single-tube aluminum coil for the receiver to be
carried on the drone to reduce the payload. Using a Class E PA, an operating frequency of
1 MHz was adopted to design the two types of misalignment cases (i.e., vertical alignment
and lateral misalignment) in simulated and measured transmitter circuit designs.

3.2. WPT Coil Mathematical Model

The first step of the theoretical WPT design is the self-inductance for both the receiver’s
STLAC and the transmitter’s MTSCC as shown in Equation (13) [4]:

L = µo µrR NT
2
(

ln
8R
ai
− 1.75

)
(13)

where L is the inductance of the coil (µH), µo is the vacuum permeability (4π × 10−7 H/m),
mur = 1 is the relative permeability of the conductor, R is the loop radius of the coil, NT is
the number of coils turns, and ai is the radius of the wire or tube cross-section. Moreover,
additional values were calculated when using tube and wire coils. Equation (14) must be
calculated to identify the factor parameter (ϕ), outer diameter of the coil (dout/mm), inner
diameter (din) and to find the most suitable number of turns for each coil [41]; it ranges
from 0 to 1.

ϕ =
dout − din
dout + din

(14)

Using the inductance L of the tube coil as given in Equation (15), the same parameters
were used for the copper coil to find the average diameter of the coil (davg) and the dout and
din values [42]:

davg =
dout + din

2
(15)

where NT is the number of turns that can be calculated from Equation (16).

NT =
dout

S + W
× ϕ

1 + ϕ
(16)

The coil line width (W) can be calculated from the minor radius of each coil and
S, which represents radius change per turn for all types of coil design (i.e., STLAC and
MTSCC). Utilizing Equation (17), dout and din can be calculated based on the NT, S, and W
of the coil conductor as:

dout = din + (2 NT + 1)W + (2NT − 1) S (17)

Reduced distance separation between coil turns (S) improves the magnetic coupling
of the coil windings and reduces the area needed for the platform station. A large spacing
is preferred to reduce the parasitic loss (CL) and the parasitic capacitance (Cp) between line
traces of the coil turns. As it exhibits a maximum error of 13% (2 mm/W = 15 mm) for
S ≤ 15 W, designers must carefully select the line space/line width (S/W) ratio. Typically,
spiral tube inductor coils are built with ratios where S ≤W [43].

Equation (18) is used to calculate the Q1 and Q2:

Qtotal = Q1 = Q2 =
1
R

√
L
C

(18)

where R is the resistance of the standard coil (Ω), which is equal to 50 Ω according to
the Voltage Standing Wave Ratio (VSWR), and L is the same term that was calculated in
Equation (13). The quality factor can be increased in two ways, by either lowering the
capacitance or the resistance as shown in the previous (Equations (3) and (4)). Capacitance
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is quickly decreased by either pairing a capacitor in series or by using new capacitors with
a lower value. The real effect of a low capacitance is a high resonant frequency, as shown in
Equation (5); this limits significant currents from voltages that have less time to overcome
magnetic moment, which is the magnetic strength and orientation of a magnet or other
object that produces a magnetic field, based on the definition given by Gauss or Tesla [44].

In the near field, coil geometries aiming to optimize wireless link efficiency are affected
by a set of parameters, such as a coil’s Q-factor and k, which are limited by other factors
related to the fabrication technology. As the priority is to define the overall coil size
constraints, the design will then indicate the minimum size features that will provide an
acceptable manufacturing yield. The typical size of drone coils used is 400 × 400 mm2 and
the coupling distance between the coils is 20 mm (near-field distance). As the transmitter
of the coil is placed in the platform station, there is greater flexibility regarding the amount
of turns, weight, and size.

Other important parameters that affect the coil size are the operating frequency (fo)
and the load resistance RL. The fabrication process favors the minimum feature sizes, such
as the minimum line width Wmin, minimum line spacing (Smin), minimum thickness, and
the substrate and conductor material properties. The operating frequency was designated
as 1MHz. In this paper, the Q-factor and k are the main parameters considered to affect
the power transmission efficiency of the WPT link. These parameters are particularly
impacted by the platform station’s geometric variables, such as the coil’s outer diameter
(dout), spacing between the conductors (S), and the width of conductors (W) in the primary
and secondary coils. Accordingly, these variables were selected for optimization to obtain
the optimal Q-factor, k, and from that, the most appropriate PTE. Therefore, it is not possible
to use the platform station (transmitter coil) to transfer far-field power, which is related
to the design coil structure. In addition, moisture, heat, etc. also affected the transfer of
energy between coils.

4. Challenges and Limitations of Misalignment Conditions for Drone Charging Platform

The WPT system suffers from reduced transmission performance during energy trans-
mission due to the mismatch between the cores of the transmitter and receiver coils. This
misalignment condition can be further classified into many types based on their simulta-
neous position. Figure 1 illustrates the various types of configuration, such as (a) vertical,
(b) planar, (c) lateral, and (d) angular–vertical [31]. Planar and angular–vertical configu-
rations are more difficult to model for drone applications because drones are unable to
hover in a static position and keep fluctuating. These configurations are more relevant for
applications, such as electric vehicles, implantable medical devices, laptops, and mobile
devices. Cai, et al. [45] introduced a matrix of multiple transmitter coils for charging drones
and used a current sensor (an STM32 controller) to detect misalignment.

Drones are expected to be the pinnacle of smart flying as they may act as the first
respondents to any emergency that may arise. However, even without hovering in the
wrong directions, they have a low-power density. Thus, a long sustained flight is impossi-
ble [16]. To optimize energy transfer performance, the misalignment transmission distance
between the transmitter and receiver coils is the main limitation of MRC methods, which
are sensitive to transmitting and receiving coil alignment. However, this is limited by the
diameter (large or small), NT, line spacing of each coil, and distance between the trans-
mitter and receiver coils [17]. Researchers have been attempting to reduce misalignment
using two major approaches [18]. The first approach is the auto-alignment of the two coils
either by the transmitter or receiver coil movement, and the second is through electrical
manipulation, such as resonance or modifying compensation topologies. Regardless, major
challenges in the adoption of WPT technology still exist.



Energies 2022, 15, 1298 9 of 29Energies 2022, 15, x FOR PEER REVIEW 9 of 31 
 

 

 
Figure 1. Schematics of circular coils for analyzed variations: (a) ideal alignment (vertical variation); 
(b) planar variation; (c) lateral misalignment; and (d) angular in lateral misalignment. 

Drones are expected to be the pinnacle of smart flying as they may act as the first 
respondents to any emergency that may arise. However, even without hovering in the 
wrong directions, they have a low-power density. Thus, a long sustained flight is impos-
sible [16]. To optimize energy transfer performance, the misalignment transmission dis-
tance between the transmitter and receiver coils is the main limitation of MRC methods, 
which are sensitive to transmitting and receiving coil alignment. However, this is limited 
by the diameter (large or small), NT, line spacing of each coil, and distance between the 
transmitter and receiver coils [17]. Researchers have been attempting to reduce misalign-
ment using two major approaches [18]. The first approach is the auto-alignment of the two 
coils either by the transmitter or receiver coil movement, and the second is through elec-
trical manipulation, such as resonance or modifying compensation topologies. Regard-
less, major challenges in the adoption of WPT technology still exist. 

IC and MRC methods have the main advantages of high-power and long-distance 
transmission through different power amplifier types of far near field applications. How-
ever, the IC and MRC systems must deal with the inevitable key technical problem, which 
is the extremely loosely coupled effect between the transmitter and receiver coils. This 
corresponds to the measurement results found by [46], where k was mostly found to be 
much less than 0.01 within transmission distances of between 2 m and 12 m. Their exper-
imental model can provide 10.3 W of power at up to 7 m distance, at a frequency of 20 
kHz using dipole-coil-based IPT [47]. Therefore, the transmission air gap difference is an-
other key technical concern for MRC systems because of the resonant frequency. 

In other studies, several attempts using the multi-loop topology in impedance match-
ing have been made to ensure the MRC state, even with a differing distance between the 
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IC and MRC methods have the main advantages of high-power and long-distance
transmission through different power amplifier types of far near field applications. How-
ever, the IC and MRC systems must deal with the inevitable key technical problem, which
is the extremely loosely coupled effect between the transmitter and receiver coils. This cor-
responds to the measurement results found by [46], where k was mostly found to be much
less than 0.01 within transmission distances of between 2 m and 12 m. Their experimental
model can provide 10.3 W of power at up to 7 m distance, at a frequency of 20 kHz using
dipole-coil-based IPT [47]. Therefore, the transmission air gap difference is another key
technical concern for MRC systems because of the resonant frequency.

In other studies, several attempts using the multi-loop topology in impedance match-
ing have been made to ensure the MRC state, even with a differing distance between
the transmitting and receiving coils, to reduce the input impedance variation [34]. The
technique developed by MIT researchers is a method of highly resonant magnetic WPT
which reduces the misalignment problem to a certain extent for a 2 m transfer distance [35].

5. WPT Coil Design Simulation

This paper considers two misalignment methods for improving the NF-WPT between
designed coils, i.e., the vertical and lateral configurations with different coil positioning
variations. The Equations (1)–(9) were employed in the simulation phase to calculate L, Q,
M, k, ηmax, and ηlink of the improved coil, and to analyze the impact of transfer distance.
Figure 2a,b illustrate the new design of receiver and transmitter coils, respectively, for
charging the drone’s battery. The receiver coil’s dout, was 420 mm with one turn, while the
outer transmitter coil’s dout, was 418 mm. The transmitter coil has six turns and the internal
dimension was 260 mm. The measured weights of the aluminum receiver and copper
transmitter coils were 10.5 and 2000 g, respectively. Simulations to investigate transfer
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distance and WPT efficiency for both misaligned configurations were done using ANSYS
HFSS V15.03 software [48] with the following details.
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Figure 2. Designed coils to charge the drone’s battery: (a) receiver coil, STLAC; and (b) transmitter
coil, MTSCC.

5.1. Vertical Alignment

Figure 3 shows the HFSS simulator set up for the transmitter and receiver coils aligned
to the z-axis test. Upon completing the drone’s mission, and landing on the platform,
the FSR sensor will check the drone’s weight and the distance to the receiver coil to start
charging the battery. The x-axis/vertical design approach first involves investigating drone
charging in vertical alignment over several distances. In the simulation, seven transfer
distances (2, 5, 10, 20, 30, 40, and 50 cm) of MRC-WPT were tested. The distance (X cm)
with the best simulation results was then used in the misalignment simulation.
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5.2. Lateral Misalignment

The second test for lateral misalignment involves the manipulation of the drone coil in
the y-axis. In the HFSS simulator, the transmitter coil was fixed to the platform station and
the z-axis was fixed at X cm (2 cm in our case). Meanwhile, the y-axis of the receiver coil,
mounted on the drone, was moved through five steps of lateral misalignment distances
(2, 5, 8, 10, and 15 cm), as shown in Figure 4. However, when a drone is hovering, especially
before landing, another type of misalignment will appear and be regarded as secondary
lateral misalignment. This misalignment type is also considered and analyzed in this paper.
The 15 cm maximum range of drones in lateral misalignment between the receiver coil and
platform station is a sufficient range for drone testing in the scope of this work.
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6. Experimental Configuration of an MRC Misalignment Coil

The WPT system is intended for charging drones in various unmanned and remote
applications such as remote monitoring. The WPT circuit considers the S–P topology
connection of a 1 MHz resonance frequency. This approach uses coil structures, such as
dout and din to solve misalignment conditions. The MRC of the STLAC (receiver) and
MTSCC (transmitter) coil types have been suggested to generate strong magnetic field
leakage. Thus, a laboratory test on the MRC hardware design was conducted to validate
the transfer distance and efficiency between the transmitter and receiver coils, using the
highest performing coil design obtained from the simulation.

First, copper and aluminum loops of 420 mm (dout) were used to design one turn.
The inner coil diameter (din) was 400 mm, and a line distance width of 10 mm was used.
The receiver coils were mounted on the wooden pad for laboratory testing. A circle of
dout = 418 mm and din = 260 mm was chosen to be identical to the asymptotic diameter of
the transmitter coil. Then, a circular frame was constructed to design the transmitter coil
and make the copper into a circular shape, as shown in Figure 5a. As mentioned previously,
the circular shape promotes increased transfer efficiency by providing a more enclosed
space (area) for a given distance (perimeter) than a square. The aluminum coil was chosen
for the STLAC to ensure the lightweight of the receiver coil and maximum transfer power.
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Figure 5a,b display the designs of the transmitter and receiver coils with dout, din, NT,
W, and S.

The implications standard of the present study in Class E PA switching was the use of
constant envelope modulation techniques, such that the signal does not carry any amplitude
information because of the assertive amplitude compression suffered in PA switching [49].
The transmitter and receiver coil matching network accounts for a great portion of the
power loss. A great matching network design between PA and antenna coils is necessary.
Therefore, all the power is delivered to the load. Various architectures are available for
constructing a power amplifier that converts DC–DC voltage, such as Class E PAs [50].
The efficiency does not represent a physical parameter, it is only helpful for showing the
requirements of the circuit for matching and stability. The advantage of Class E PAs is:
(1) they have simple architecture and need only one active device; (2) their frequency range
is wide KHz–MHz; and (3) they have high power transmission efficiencies. However, the
disadvantage of Class E PAs is that any shift in resonance frequency will decrease the
output power transmission appreciably. Figure 6 shows the matched resonance frequency
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obtained between the transmitter and receiver circuit using the Multisim software for
electronic circuit design.
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The best design from the two configurations (vertical and lateral) was implemented
and experimentally tested as MTSCCs and STLACs. The parameters are stated precisely
in Tables 1 and 2. The first and second MRC experiments were conducted under loaded
conditions. Usually, the resonant wireless power transfer systems require over 1 MHz
frequency to get higher efficiency, and it is very complicated to implement such a high
frequency because of losses in high frequency alternating current supply. However, lab
hardware only allows high-frequency industrial standards to be used, which means the
current hardware and tools cannot be upgraded to support higher-frequency industry
standards [51,52]. Additional improvements include increasing the frequency to 1 MHz
and raising the transfer efficiency. Therefore, 1 MHz is used in the designed model [53].
The usage challenges encountered in the relatively low-frequency range of 1 MHz can
be described as follows: (i) reduced transmission efficiency; and (ii) increased size of the
transmitter and receiver coils [54].

Table 1. Parameters of Class E PA MTSCC transmitter.

Parameters Value

Input voltage DC (V/Volt) 24 V
Input current DC (A/Amp) 1.08

Operating frequency (f 0/MHz) 1
Inductance of transmitter choke coil (LTC/µH) 100

Compensating capacitor coil (Cr/µf) 0.1
The capacitor shunt coil (Cshunt/nf) 1

The series capacitor variable resistance (CS/pf) 600
Resistances (Rs/Ω ) 50

Inductance of transmitter coil (LTcoil/µH) 37.7
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Table 2. Parameters of the STLAC receiver coil.

Parameters Value

Output voltage DC tests (Volt/Amp) 43.24 V/0.43 A
Operating frequency (f 0/MHz) 1

Resistances (RT/Ω) 50
Compensating capacitor of receiver coil

(CP/pf) 23

Load resistance test (RL/Ω) 50,100
Inductance of receiver (Lr coil/µH) 1.04

The capacitor filter (C-Filter/µf) 330
M (µH) when k = 0.5 between transmitter and

receiver coils 3.10

A substantial enhancement in the coil design of the proposed WPT system is observed
by considering the misalignment between the transmitter and the receiver coils. In this
study, a Class E PA was used. This enabled (i) a simple architecture with only one active de-
vice, (ii) a broad frequency range (kHz–MHz), and (iii) a high power transmission efficiency
of 90–95%. For frequency regulation, a series-to-parallel (S–P) topology compensation was
chosen. The input circuit consists of an MTSCC transmitter coil connected to an oscillator
circuit (i.e., 43.24 V/0.43 A) with a DC input voltage and current (i.e., 24 V/1.08 A) that
generates oscillations, where according to some of the tests that have been conducted for
building an oscillator circuit, the best transistor type is IRFP510N. The voltage that is avail-
able to the input circuit can be increased using three metal-oxide-semiconductor-field-effect
transistors (test: IRFP250N, IRFP460LC, and IRFP510N), two parallel coupling capacitors, a
capacitor shunt, and one radio-frequency choke coil. The STLAC, four parallel coupling
capacitors for testing, a bridge rectifier, a resistance load (100 Ω/50 W) for testing, and a
charging controller to charge the drone’s battery with a proper voltage (i.e., 24 V) are the
primary components of the receiver circuit, as indicated in Tables 1 and 2.

The most significant objective in this test is to find the resonance (matching network)
between the transmitter and reception coils by determining the optimal capacitance and
resistance values for both coils’ inductance values. For the X525 quadcopter drone, this
research uses a 22.2 V/5500 mAh Li-Po battery. The drone’s battery is charged using the
receiving coil. The STLAC and MTSCC parameter requirements are supplied in Table 3,
and the measurements and computations are reported in Table 4.

Table 3. Specifications and parameters of the transmitter and receiver coils.

Specification of Coils MTSCC STLAC

(Number of turns (NT)) based on Equation (16) 6 1
Line width (W) (mm) 18 10

Line space (S) for two transmitters (mm) 20 zero
Outer diameter of the coil ((dout/mm) 418 420
Inner diameter of the coil (din/mm) 260 400

Table 4. The measurements and calculations of the transmitter and receiver coils.

Measurement of Coils Receiver Coil
(STLAC)

Transmitter
Coil (MTSCC)

(Inductance (LS) and (LR) (µH)) based on Equation (13) 1.04 37.7
(Qtotal) based on Equations (3) and (4) in simulation

(alignment (vertical) at 2 cm of transfer distance) 54 111.49

(Qtotal) based on Equations (3) and (4) in simulation (lateral
misalignment at 2 cm of transfer distance) 109 105

(Qtotal) based on Equation (18) in measurement 7.43 5.01
Weight (kg) 0.0105 2000
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Next, the coil was rounded until the required turns were achieved (Figure 7). The
coil’s ends were then welded with oxygen welding. However, the coaxial port was welded
with a Veroboard to avoid poor conduction. In this study, the ideal coil is considered as
having high transfer power and efficiency, while being of suitably low weight as not to
hinder flying drone performance. The transmitter coil was made from copper and glued on
the pad with a small amount of inlayed plastic around the coil to improve the inductance
with the perfect design of spaces between turns.
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6.1. Alignment and Misalignment Configuration

This work achieved the reduction of the misalignment problem from the lateral con-
figuration by adopting a large primary and secondary coil configuration. The receiver
coil was configured as an STLAC with one turn and was employed alongside the receiver
circuit with the transmitter coil (i.e., MTSCC). Five different misalignment distance values
were selected as 2, 5, 8, 10, and 15 cm (Figure 7: red color), and other distances were almost
the same value at 2 cm of the vertical distance between receiver and transmitter coil, which
were experimentally tested to evaluate the energy transfer performance. The pad of the
base station was implemented to ensure a lateral misalignment of not more than 15 cm
between the transmitter and the receiver coils, as shown in Figure 7. The transfer power
and efficiency were measured for these distances during drone landing. The direct current
(DC) and voltage were measured with 2 cm of air gap fixed in vertical alignment. However,
the DC output power and transfer efficiency were calculated when the drone’s battery
loaded the receiving circuit.

6.2. WPT Experiment Configuration

The test was mounted using a digital multimeter (DT9205, Dowdon, Shenzhen, China),
an oscilloscope (MCP Lab Electronics/DQ7042C, Shanghai MCP Corp, Shanghai, China)
and a transmitter using a DC power source (Q-5010S, EMIN Group, Yangon, Myanmar).
In both the vertical and lateral configuration tests, the MTSCC was constant, whereas
the STLAC was varied based on the different sized air gaps. Several air gap steps were
adopted in our experiments due to the proposed loaded and unloaded WPT system,
wherein the transfer power and efficiency were decreased to a large extent after 15 cm in the



Energies 2022, 15, 1298 16 of 29

loaded system. For each position, the transfer voltage, current, power, and efficiency were
measured with respect to the distance. The measurements were conducted in a laboratory
to test the force sensor of the vertical alignment solution, and lateral misalignment distance
when the drone landed on the platform stations.

1. First Experiment: This experiment was for a vertical alignment system with a 100 Ω
load. In vertical alignment, air gap/transfer distance measurements of 2 to 50 cm
were considered. The MTSCC was tested with the second coil consisting of a one-
tap (i.e., an STLAC with one turn). The number of turns was selected based on
the first and second simulations, wherein a tradeoff between coil weight, transfer
power, and efficiency was achieved to obtain an acceptable transfer performance and
weight. Figure 8a shows an example of the vertical alignment improvement in transfer
distance between 2 cm to 50 cm when RL = 100 Ω.
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Figure 8. Measurement of the implemented MRC WPT at different distances in the laboratory for:
(a) vertical alignment with coil drone at 2 and 50 cm at RL 100 Ω; and (b) lateral misalignment in the
laboratory at values of 2 cm (vertical) and 15 cm (lateral).

2. Second Experiment: The experiment for a lateral misalignment system with 100 Ω
of load, on a pad size of 60 × 60 cm2. A total of five lateral misalignment distances
(selected distance, e.g., 2, 5, 8, 10, and 15 cm) were investigated in this experiment.
Figure 8b shows lab measurements for 1 and 15 cm of minimum and maximum lateral
misalignment distance range values available in the platform station space.

The payload of the drone also poses a challenge to this design. Consequently, the
receiver coil (STLAC) and the breadboard’s weight in the receiver circuit were reduced
as much as possible to 0.0105 and 0.0015 kg, respectively. The final total weight of the
drone was 1.377 kg. The receiver coil only takes up 0.785% (i.e., 0.0105/1.337 × 100%) of
the drone’s weight, while the total payload (aluminum coil and breadboard with receiver
circuit) takes up 0.89% (i.e., 0.012/1.337 × 100%). The measured weights for parts of the
drone and coil are listed in Table 5.

Table 5. Calculation of drone weight.

Parameter Weight in (kg)

The aluminum coil weight (STLAC) 0.0105
A breadboard of the receiver circuit 0.0015

A small piece of wood (200 × 200 mm2) for the platform station 0.028
Payload weight 0.012
Drone weight 1.337

Ratio of payload weight to the drone weight 0.89%
Ratio of onboard coil weight (aluminum) to the total drone weight 0.785%
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6.3. Detection of the Drone on the WPT Circuit

To detect the drone landing in the experiment, a four FSR sensor configuration, which
was adapted from [29,38,55] was set up on the squared platform (Figure 9a). The sensors
were installed at the edges of the platform using a small spiral spring and 20 × 20 cm2 of
wood (Figure 9b). The wood’s weight will be increased when a drone lands. An Arduino
UNO and the four FSRs (i.e., Dy1, Dy2, Dx1, and Dx2) were connected to the platform
station to start charging when the drone lands. The Arduino functions to read the signal
from the FSR, convert the signal to the equivalent weight, and finally reduce the power
consumption using the sleep/wakeup strategy. In addition, the regulator and relay circuit
required for each voltage, which depends on the drone’s weight, can sense the FSR that is
needed to charge the drone.
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Figure 9. Small-wood testing of the solution with Arduino UNO before the start mission of: (a) a
platform station using four FSRs; (b) FSR connected to Arduino Uno; and (c) the calibration of the
FSR after drone landing.

The calibration of the FSR before drone landing was tested in the lab, as shown in
Figure 9c, and was based on four different drone weights. The four weights (i.e., 1600, 1523,
1354, and 1340 g) were converted to Newton (N) units and are presented on the x-axis as the
applied force. The y-axis presents the output voltage for each sensor’s force measurement
(4.9, 4.21, 2.6, and 2.39 V).

Figure 10 describes all the possible directions that platform stations may have in lateral
misalignment to charge a drone based on WPT. The FSR measures the threshold weight
value of the drone (i.e., 1300 g). The first direction (D) is the center of the platform station,
where it is in vertical alignment. In addition, the lateral misalignment is represented by
the four weights based on direction (i.e., east = 1600 g, west = 1523 g, north = 1354 g,
and south = 1340 g), according to the platform size (60 × 60 cm2) used in this work. The
four directions of the different weights measured during the drone landing test conducted
in the lab can enable the charging of the drone battery for different durations. However, the
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lightweight direction (such as 1340 g) will be the best for charging the drone’s battery. The
misalignment distance is essential to efficiently determine the weight trend of the drone, as
well as the wirelessly transferred power of stationary MRC charging at all power levels
according to the FSR technique, which operates by the programming of the four directions
into the Arduino UNO. This proposed misalignment algorithm is suitable for any power
level designed for drones and can improve transfer efficiency.
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alignment and lateral misalignment.

7. Results

The following subsections present the simulation results, analysis, and discussion
of the MTSCC and STLAC designs with related parameters (such as L, M, k, and Q), the
transfer efficiency link and maximum wireless power efficiency.

7.1. Simulation Results
7.1.1. First Simulation: Vertical Alignment

The transmitter coil’s six turns were designed with an 18 mm diameter, while the
receiver coil’s one turn used a 10 mm diameter for both types of tube coil. The acceptable
efficiency results for charging drones were achieved at a maximum distance of 50 cm. The
minimum distance was 2 cm when the drone was in the landing position. Figure 11a,b
showed the Z-impedance for a 2 cm transfer distance between vertically aligned transmitter
and receiver coils at different frequencies.
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Figure 11. The Im and Re of lumped circuit and performance parameters of vertical alignment at
1 MHz frequency and with a distance equal to 2 cm of Z-impedance: (a) Transmitter coil (Tx); and
(b) receiver coil (Rx).

Figure 12a–c show the Q1, Q2, and Ls, Lr, M, and k of the transmitter and receiver
coils versus frequency at the maximum transfer distance of 50 cm. Figure 12a, shows the
Q2 (m1: in blue) start to increase when the frequency is equal to 0.125 MHz and the start
range decreases from 0.25 to 1.5 MHz because of the proximity to the 2 cm air gap, and
the differences in the design of the coils such as the values of NT, dout, and din between
transmitter and receiver coils. Therefore, the Q1 (m2: in red) increased slightly from 0.3 to
0.7 MHz before it dropped again. In addition, Figure 12a shows the LS, Lr (pink and green
lines, respectively) values of the transmitter and receiver coils.
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Figure 12. The results of the simulation of vertical alignment for 2 cm transfer distance: (a) Q1, Q2

and Ls, Lr of transmitter and receiver coils, (b) k, and (c) M of MRC WPT.
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Several vertical alignment tests were done with different RL values (50, 10, 150, 200,
250, 300), and the most suitable value that shows an overall high value between transfer
distances from 2 to 50 cm was found when RL is equal to 100 Ω (cf. Figure 13). To improve
the WPT system further, this study investigated the influence of single-core or multi-core
tubes on alignment efficiency. The most suitable design was 98% efficient (black line) at
50 mm transfer distance where the Max.WPTE was equal to RL = 100 Ω. A minimum
transfer distance of 2 cm (blue line) is necessary to test the drone, the optimum transfer
efficiency (84%) was reached when RL = 100 Ω, but at Max.WPTE = 97%. At this point, the
drone can be recharged when it stops moving.
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Figure 13. Comparison of different RL values in simulation of vertical alignment between STLAC and
MTSCC lumped parameter performances of efficiency at different RL values and different distances
with Max.WPTE. in mm.

7.1.2. Second Simulation: Lateral Misalignment

Figure 14a,b shows the Z-impedance of Im and Re at a transfer distance of 2 cm
between the transmitter and receiver coils in lateral misalignment.
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Figure 14. The Im and Re of STLAC and MTSCC lumped circuit and performance parameters of
lateral misalignment at a 2 cm distance for (a) transmitter coil (TX), and (b) receiver coil (RX).



Energies 2022, 15, 1298 21 of 29

Figure 15 shows the results of (Qtotal = Q1 and Q2) M, and k between the transmitter
and receiver coils. The efficiency results of the lateral misalignment distance in the range of
2–15 cm were tested in the RL range of 50 to 300 Ω. The best Max.WPTE value of 97.77%
was selected when RL = 100 Ω and the red line attained lateral and vertical alignment
between two coils at 2 cm. Figure 15a shows the results of LS, Lr (in pink and green line),
and Q-factor (in red and blue line) values of the transmitter and receiver coils. The Q-factors
were increased in the low-frequency range from 0.2 to about 0.4 MHz and decreased in
frequency. The Qtotal values crossed at 0.9 MHz. Meanwhile, the inductance settles in green
and increases in pink. Figure 15b shows that M, and Figure 15c shows that k increased as
the frequency increased from 0.50 to 3 MHz.
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Figure 15. The simulation results of lateral misalignment for 2 cm of transfer distance: (a) Q1, Q2 and
LS, Lr of transmitter and receiver coils; (b) M, and (c) k of MRC WPT.

The optimal values of the tested RL between the simulated coil designs ranged from
50 to 300 Ω and for variation of distance from 20 to 150 mm are shown in Figure 16a.
Max.WPTE at RL equal to 100 Ω and with 15 cm of transfer distance resulted in a 91.44%
improvement in transfer efficiency. The lowest efficiency was obtained with RL = 300 Ω
at 150 mm (15 cm) transfer distance. The corresponding optimal number of turns of the
transmitter coil of the platform station was calculated with respect to the maximum link
efficiency and using different values of load resistance as shown in Figure 16b. It is clear
from this figure that the optimal load resistance for this case was when RL values equaled
50 and 100 Ω, with an efficiency of 96.5%.
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Figure 16. Comparison of different RL values in simulation between STLAC. (a) The drone’s available
distance range was between 2 to 15 cm and MTSCC (fixed) in lateral misalignment for improving
transfer efficiency at 20 mm distance; and (b) the best selection results of the transmitter of design
coil in simulation.

7.2. Experimental Results

WPT was practically implemented based on MTSCC design in the transmitter circuit
and STLAC in a receiver (the drone’s circuit) to align and misalign configurations at
different distances. The following subsections focus on the laboratory results.

7.2.1. First Experiment: Vertical Alignment

The experiment was implemented for the vertical alignment system under a load
condition (i.e., drone battery). This number of transmitter coil turns (NT = 1 to 6) was
selected according to the simulation results (Figure 16b) of the first (vertical alignment) and
second (lateral misalignment) study on transmitter coils design. A tradeoff was achieved
between the coil weight (receiver coil) and the transfer performance (transfer power and
efficiency).

The relationships between the transfer distance with the DC output power and the
transfer efficiency are shown in Figure 17 (primary y-axis). Meanwhile, the relationship
between transfer distance and the DC output current is presented on the secondary y-axis.
The figure shows the performance of the STLAC under the tested distance range of 2–50 cm
with a load. The DC output power, transfer efficiency, and output current decreased with
distance. The DC output power, output current, and efficiency were 21.12 W, 0.460 A, and
81.5%, respectively, at 2 cm and were sufficient for battery charging according to the E PA
class circuit designs. The DC output current, output power, and efficiency decreased to
0.359 A, 12.92 W (Left; y-axis), and 49.85% (Right; y-axis), respectively, at 40 cm and further
decreased to 5.53 W, 0.235 A, and 21.38% at 50 cm. The DC output power, output current,
and efficiency gradually decreased with distances beyond 30 cm.
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7.2.2. Second Experiment: Lateral Misalignment

The MTSCC was first tested with the STLAC using a lightweight coil with one turn
under several misalignment situations and under a load condition to explore the amount of
transferred DC power and its efficiency. The experiment investigated lateral misalignment
between the MTSCC and the STLAC at five distances (2, 5, 8, 10, and 15 cm), and at 2 cm
vertical alignment distance.

The maximum transfer output current in the secondary y-axis equals 0.438A, while
DC power and efficiency equal 19.22 W and 74.15% as shown in the primary y-axis, which
were recorded at 2 cm lateral misalignment. The transfer DC output power values of
18.70, 17.94, and 17.54 W were noted at 2, 5, and 10 cm lateral misalignments, respectively.
The transferred power and efficiency decreased when distance increased for all the lateral
misalignments, as shown in Figure 18. Transfer efficiencies of 72.13%, 69.23%, and 67.8%
were recorded at 2, 5, and 10 cm lateral misalignment, respectively. The output current
decreased with distance for lateral misalignments and vertical distances.
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7.3. Energy Harvesting Techniques Based on Solar Cell

The current consumption from the battery due to the force sensor is dependent on
its application [56]. In this paper, the two solar panels were positioned above the force
sensor and microcontroller box. The solar cell angle is oriented toward the sun with an
incident angle of 20◦–30◦ relative to the ground [57]. SFPVM-30 type solar cells (KINGRO,
Shaoxing, China), which were a first-proposed type of solar cell (36 V/60 W) that deliver a
maximum current range of 65,000–200,000 mA, was selected [58]. The measurements and
specifications of the solar cell are shown in Table 6.

Table 6. Features of the adopted solar cell.

Parameter Value

Output voltage 18 V
Load voltage 25 V

Maximum current 1670 mA
Maximum output power (PMAX) 30 W

Dimensions (L ×W × T) 445 × 540 × 18 mm3

Surface area (S) 240.30 cm2

The battery and solar cells should be created in mathematical models for the force
sensor to investigate the harvested energy from the solar cells and battery consumption.
The power consumption of the solar cell model of the force sensor, which is based on
the battery, is presented in Equations (19) and (20). Solar cell efficiency (ηSolar cell) can be
calculated as follows [59]:

ηSolar cell = PMAX/Ssa × Ra (19)

where PMAX is the output power of the solar cell (measured in W), Ssa is the surface area of
the solar cell (measured in m2), and Ra is radiation, which is defined as the intensity of the
incident light power on the surface of a solar cell (measured in W/m2). The power of the
adopted solar cell can be calculated as in Equation (20).

PMAX = Vsolar × IS (20)

where Vsolar is the voltage of the solar cell (measured in Volts) and IS is the current of the
solar cell (measured in mA).

7.4. Analysis and Discussions

The results revealed a maximum power transfer and efficiency of 19.22 W and 74.15%,
respectively, for the misalignment condition, and an air gap of 15 cm with a vertical
misalignment of 2 cm between two coils under load. However, the MTSCC and STLAC
improved power transfer and efficiency to 21.12 W and 81.5%, respectively, at 10 cm. The
transmitter and receiver coils could not touch when the system was loaded under the
alignment and misalignment conditions. It caused a short circuit between the transmitter
and receiver coils when simulated and tested in the laboratory.

The key contributions of this study can be summarized as follows:

1. The application of a high power charging capability circuit design using a Class E PA
for the potential deployment of drones in high-power electronic applications like radi-
ation monitoring and smart agriculture. This work extends our previous study [60],
where the design was more suitable to lower power consumption applications such
as agricultural sensors.

2. A new platform design for near-field WPT based on MRC techniques using the series-
to-parallel compensation capacitor topology to improve the power consumption and
enhance transfer distance under correct alignment and lateral misalignment cases. The
platform is complemented with FSR to identify the orientation of a landed drone based
on identifying the weight that suggests the position, such as the western, eastern,



Energies 2022, 15, 1298 25 of 29

northern, and southern faces of the drone charging platform when in landing/idling
modes of operation.

3. Improvement on the misalignment condition between the transmitter and receiver
coils for the improved air gap, transfer power efficiency, and payload of drones. The
improvement considered the design, simulation, and hardware development of an
MTSCC in the transmitter circuit located at the drone charging station and an STLAC
in the receiver circuit. Additionally, a comparison of the aluminum coil with the
copper coil as the WPT receiver on the drone was performed.

The NF-WPT adopted in this work using an MTSCC and STLAC was compared
against previous works, as shown in Table 7. The previous methods were similar to the
current work in that they utilized tube coil in the coil design and Class E PAs. The proposed
MTSCC (transmitter) and STLAC (receiver) methods differed in terms of the coils’ designs
and number of turns as both affect the transfer efficiency and transfer distance. The simula-
tion design can increase the transfer efficiency and transfer distance but achieving better
efficiency is a function of the design topology, the diameter of the coil, the number of turns,
materials used, and load conditions. In addition, the existing literature only improved the
transfer efficiency in experimental works, but in this work, the designs were first simulated
before being implemented in the hardware. This improved the performance of the designs
in this study compared to those found in the existing literature. The comparison of the
coils method for WPT and its achieved performance metrics, such as transfer efficiency
and distance, type of coil, number of turns, and the applications for vertical alignment and
lateral misalignment systems from previous studies, are shown in Table 7.

Table 7. Comparison between the proposed coils method at various vertical alignment and lateral
misalignment conditions with previous studies.

Ref
Number of Turns (NT)

Type of Coil Type of
Misalignment

Transfer
Distance (cm)

Transfer Efficiency
(%)

Applications
Tx Rx

Kang et al. [29] 5 1 Tube coil Vertical &
Horizontal 0.5 45 for Horizontal

and 52 for Vertical Laptop

Campi et al. [25] 10 1 Litz and
aluminum pipe Vertical 20 89 drone

Lan et al. [26] 2 1 Pipe air-core
coils Horizontal 25 70 Drone (DJI

Matrice 100)

This work 6 (MTSCC) 1 (STLAC) Tube or Pipe
(Copper for the
transmitter and
aluminum for
the receiver)

Vertical 2–50 81.5@100 mm, and
78.17@200 mm, Qud. DJI X525

(drone)

This work 6 (MTSCC) 1 (STLAC) Horizontal 2, 5, 8, 10, and
15

74.15@20 mm,
72.13@50 mm,
70.94@80 mm,
69.23@100 mm,

and 67.80@150 mm

8. Conclusions and Future Works

This study has designed and implemented an MRC-based solution for a near field
wireless power transmission (WPT) drone charging station for remote and unmanned
applications, such as radiation monitoring and smart agriculture. The MRC design was
distinguished by combining the use of an STLAC on the receiver/drone with an MTSCC
on the charging/receiving platform to address transfer power optimization and increased
efficiency issues. Several coil designs were assessed in the simulation phase to identify the
suitable range of drone position misalignment due to the air gap in wireless charging.

For the simulation, the Class E PA model was designed to test misalignment coils
and simulation results were obtained using HFSS 15.03 software. The design resulted
in the improvement of vertical alignment transfer power. The results were validated
mathematically and in a simulation to demonstrate a tailored MTSCC design with an
improved Q-factor. The transfer efficiency was 94.58% with a 2 cm air gap distance. The
lateral misalignment performed at 94.95% transfer efficiency at values of 2 cm.
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When referring to the WPT battery charging system, the coils are usually not aligned,
limiting the potential of WPT for future remote applications. The results show that transfer
efficiency differs between simulation and measurement for vertical alignment by around
13.08%, and lateral misalignment differs by around 20.8%.

Based on simulation and experiments, a number of six turns in the coil (MTSCC) was
selected for a new spiral coil in the transmitter circuit to improve transfer distance and
efficiency in relation to lateral misalignment. In practice, STLAC was selected for payload
improvement purposes. It also provides the maximum transfer power, efficiency, and range
from the source of electricity to the coil in the drone, while also being lightweight.

The misalignment condition is vital for drone charging if they are to be implemented
for energy-efficient radiation monitoring and internet of farming technology applictions.
Future experiments could use a higher operating frequency in the transmitter circuit to
reduce the coil size, NT, and weight of the receiver coil mounted on the drone. This has
the effect of increased transfer efficiency and output power, and reducing distance in WPT.
Additionally, MRC-based WPT requires additional studies to enhance the design of the
resonators for large-distance transfers and maximum power transfers during angular and
planar charging that will reduce losses in the system.

This study focuses on vertical alignment and lateral misalignment cases. The other
two types of drone misalignments (i.e., angular and planar position) are not considered
in this work due to hardware limitations. In addition, the results were proposed in sunny
weather (summer season in my country) to improve the conditions for solar cell electricity
generation, and to maximise transfer power.

However, it is worth investigating the extent to which a single tube in the receiver and
multi-tube coils can affect system efficiency in the transmitter coil as part of future work.
Additionally, the thickness of the tube coil can affect transfer efficiency when the frequency
is 1 MHz. Two materials were investigated and the impact of the number of turns and
thickness of the receiver coils were analyzed. However, the most important aspects were:
the low weight of the receiver coil (0.0105 kg); and the harmonizing of the inductance and
capacitance of the transmitter coil to make a matching circuit between the two coils.

In addition, MRC can be used for mid-range applications (e.g., charging the WSN or
UAV) with suitable transfer distances and transfer efficiencies. However, the flight time of
the UAV is restricted because of the limited battery capacity. Therefore, the MRC-based
WPT offers a good solution to charge the drone battery. Thus, the flight time of the drone
can be improved using the STLAC (receiver coil) and MTSCC (transmitter coil), whereas
the transmitter coil was designed according to the simulation to increase the transfer power
and efficiency while charging the drone battery; the receiver coil was designed in the lab to
overcome a heavy payload.

Finally, the k and Q-factor of the adopted STLAC can be modified, for example, by
using a different coil diameter, increasing, or decreasing the NT, or using a cover shield
between the transmitter and receiver to charge the battery for certain applications, such as
drones and cell phones, efficiently. Thus, the battery lifetime of the drone can be increased.
Furthermore, the designed coil could be chosen by considering the limitations of the coils
to improve the performance metrics.
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