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Abstract: Recent research has shown an increasing interest in wireless power transfer (WPT) tech-
nology for drone batteries. The inconvenience of wired charging, especially for drones, is a huge
obstacle. In this research project, a WPT platform was proposed by applying four transmitting
coils and a single receiving coil. To meet the industrial standards required for transmitter Tx and
receiver Rx, a calculation of the parameters was implemented. An H-bridge MOSFET was used as a
DC-AC inverter, a bridge diode was used as an AC-DC rectifier, and a Pi low pass filter was added
to the receiver circuit design to filter the high-frequency noise. Experimental investigations were
conducted to study the maximum power and power efficiency of the coil’s alignment. The focus of
this article was to design and fabricate workable multiple-transmitter coils and a single-receiver coil
for a wireless power transfer system, in order to charge a 3S LiPo drone’s battery. It not only covers
an overview of wireless power transfer but also includes the method for charging a 3S LiPo drone’s
battery, a misalignment study on the X and Y axes of the wireless charging system, and a stable
charging of the battery that does not exceed the maximum current of 1.26 A for healthy charging.
An efficiency of 58.29% was achieved at a power of 14.924 W and the minimum value was found to
be 0.008 W. The efficiency of the typical coil design and the proposed coil design were 55.04% and
12.06%, respectively. The charging current obtained was 1.27 A, which gives an estimated charging
time of 3.31 h based on the calculation. The actual charging time of the 3s 4200 mAh 11.1 V LiPo
battery was 2 h.

Keywords: wireless power transfer; inductive power transfer; drones; wireless power transmitter;

wireless power receiver; lithium polymer battery

1. Introduction

In recent years, semi-autonomous drones have become popular for leisure flying and
photography [1] and their application has expanded from military use to civilian use [2].
However, drones are machines that use a huge amount of power during their operation,
which works against gravity and usually depletes the battery within 30 min [3]. This is
because the drone is powered by a high-density lithium battery [4]. When the battery is
depleted, a common way to recharge it is through wired charging, whereby the lithium
polymer battery uses solar energy as its power supply [5]. Battery swapping [6] is another
method used to replace a depleted battery. The usage of drones in delivery and monitoring
will soon be managed by countless drones, and wired charging will become tedious and
inconvenient. Moreover, the battery swapping method is not practical due to its high
complexity and excessive cost, while the wired charging of the battery will be affected
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by environmental issues [2]. Wireless power transfer (WPT) is a promising technology
because it is cordless, safe during charging, and works in wet and harsh environments [7].
This technology has gained global approval and has great advantages as a power supply
within various applications such as electrical vehicles (EVs) [8], consumer electronics [9],
and superconducting magnetic levitation trains [10]. In the WPT system, the receiving
and transmitting coils must be aligned properly for efficient power transmission, because
a misalignment of the coils will seriously impact its efficiency and cause power loss. A
problem encountered is that the alignment between the multiple transmitting coils and
single receiving coil will provide different output power values based on the angle, distance,
and placement of the single receiving coil. Thus, the aim of this research project is to design
and construct a wireless power transfer platform with four transmitting coils and a single
receiving coil, determining the maximum power and power efficiency for the alignment of
the coils to charge a 3s LiPo battery for a medium-sized drone [11].

WPTs are categorized into two categories, far-field wireless transmission and near-
field wireless power transfer. Far-field wireless transmission is known as electromagnetic
radiation wireless power transmission. This includes laser power transfer [12], microwave
power transfer [13,14], and solar power satellites [15]. Near-field WPT is the focus of this
research, which is suitable and commonly used for the wireless charging of drones. This
transmission category can be subdivided into two main groups, capacitive power transfer
(CPT) [16] and inductive power transfer (IPT) [17]. In the drone charging application,
power can be transferred over metal barriers with the benefit of CPT, which also results in
minimal power losses in the metal surroundings and is typically only suitable for lower
power applications [18]. IPT has the advantage of convenient operation, safety, and ease
of implementation. IPT generally operates at the frequency of kHz [19]. There are some
IPT systems that can achieve a larger than 90% efficiency for high-power transmission over
distances of several centimeters. However, this efficiency will drop significantly for longer
distances [20].

The wireless charging platform using a WPT system is related to the type of wireless
transmission, type of compensation topology, and electronic circuit design components
of the transmitter, receiver, and coil design [8]. All these parameters affect power transfer
efficiency, so a consideration of each of the parameters is essential to this research. The
shortcomings represent three fundamental aspects that need to be considered for wireless
power transfer technology, including the misalignment tolerance, the efficiency with which
adequate power is successfully delivered to the drone battery, and the weight of the coils [2].

This research project proposes a wireless charging station with multiple transmitters Tx
and one receiver Rx for charging a 3s LiPo battery used for drone applications. Many studies
have focused on improving the transmission distance and coils inductance of the WPT
system [21-23]; nevertheless, in this research project, a new application of wireless charging
for drones has been introduced to charge a 3s LiPo battery for a medium-size drone, where
the WPT system was designed and fabricated to meet the industrial standards required. In
total, four transmitters’ coils were proposed to cover a larger area for the drone’s battery
to be charged efficiently. A single-layer wireless power receiver coil was designed and
fabricated in a circular shape to fit in the drone frame. Section 2 illustrates the overall
design of the WPT circuit: the transmitter and receiver coils are designed, and calculations
are conducted to determine the optimum values for the coils. A comparison of the two coils’
designs was conducted by measuring the output power of the Rx in Section 2.1 based on
the quality factor of the coils. A wireless charging platform is presented in Section 3, where
a z—x-y alignment is proposed to find the maximum output power that can be received by
the Rx.

2. WPT Circuit Design

Figure 1 shows the overall circuit design of the WPT system with a series—series
topology (SS). On the transmitter side is a full-bridge inverter with a series LC load circuit,
which comprises four metal-oxide-semiconductor field-effect transistors (MOSFET). All
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the switching components are N-channel MOSFET transistors. To compensate for the
reactance at the resonant frequency, the inductor L and capacitor C are connected in a series.
This makes a load circuit with a high-power factor in this inverter, compared to the power
factor of the load in non-resonant inverters [24]. The main advantages of this inverter are
that the efficiency is increased by placing the LC load, the electromagnetic interference is
decreased, and the switching losses are minimized.
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Figure 1. WPT circuit design.

On the transmitting side of the circuit, the primary transmitting coil Tx is induced
by the AC source converted into a DC source, which is fed into a high-frequency inverter.
The other function of the inverter is to eliminate the noise and convert the signal into
a high-frequency signal [25]. The H-bridge MOSFET inverter converts the DC into a
high-frequency AC to induce the receiving coil.

On the receiver side, the high-frequency voltage induced from the transmitter side
passes through the series—series compensation network and is rectified by a full-bridge
rectifier, constructed using four diodes. This rectifier circuit is used to deliver power and
converts the high-frequency AC voltage into DC to charge the battery or electronic circuit
on the receiver side. Table 1 illustrates the function and value of each element in the WPT
circuit design.

Table 1. Purpose and values of the elements in the WPT circuit design.
Element Value Function
VDC 20V DC voltage source
MOS1-MOS4 - Full-bridge inverter with four MOSFET
G1-G4 150 kHz Clock signal input supply to MOSFET
Cland C2 157.24 nF C1 and C2 are compensation capacitors for the coil
R cable 9.85 mQ) Resistance value of the transmitter and receiver coils
Inductance of the coils (L) 7.16 uH Inductance value of the transmitter and receiver coils
D1-D4 - Full-bridge rectifier with four diodes
L 1uH Low-pass filter inductance
C3and C4 10 uF Low-pass filter capacitors
RL 50 Equivalent load resistance of drone battery
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2.1. Transmitter and Receiver Coil Design Specification

In total, two coil designs were constructed and compared in terms of their output
power efficiencies. Figure 2 illustrates the coil loss vs. number of turns and transmitter
dimeter where the range of dimeter is between 600mm to 800mm [24]. Compact and light
windings were constructed by fixing the external diameter of the coils and the spacing
between the coils, as shown in Figure 3. The first was a typical double-layer coil, as shown
in Figure 4. The second coil was the single-layer proposed design for this project, as shown
in Figure 5. The transmitter coil’s diameter was 8 cm, the receiver coil’s diameter was 8 cm,
and the spacing between the coils was around 1 cm [3]. A Litz wire with a magneto-plated
wire (MPW) was proposed in [20]; this type of wire is a copper wire plated with a thin iron
film and a Litz wire with a copper wire. A Served Litz wire was used in the design, which
is a high-frequency Litz wire that is served with nylon to increase the mechanical protection
and increase the dimensional stability. An improvement of the transmission efficiency is
required for the WPT. Thus, it is necessary to improve the coupling coefficients and quality
factors of the coils. The quality factor is proportional to the inductance of the coils and
the angular frequency and is inversely proportional to the resistance of the coils in the
system. The resistance of the coils can be reduced to improve the quality factor [26]. The
best performance and maximum efficiency of the series—series topology (SS) compensation
is when the number of turns in the primary and secondary coils are the same [27]. The
number of turns should not exceed 10. This will lead to a saturated mutual inductance
and the volume of the coil will be too large. The ratio of several turns of the transmitting
and receiving coils is assumed to be 1:1 [2]. The authors of [23] presented the coil loss
under different diameters and numbers of turns. As the outer diameter was set to 8 cm,
the number of turns was 10, as shown in Figure 5. When constructing a coil winding with
an inner diameter and an outer diameter of 4 cm and 8 cm, respectively, the number of
turns was precisely 10. In comparison to other diameters, a coil winding with a diameter
of 800 mm/8 cm and 10 turns had the lowest coil loss in Watts. The design of the coil
was then chosen to have 10 turns and an outer diameter of 8 cm. Table 2 represents the
parameters and values of the coils for the transmitter and receiver; Table 3 illustrates the
calculated values of the coil design. The same sequence of calculation was implemented
for the typical double-layer and proposed design.

5.0
—&— Diameter = 600 mm
—o— Diameter = 650 mm
—a&— Diameter = 700 mm
45 I —w— Diameter = 750 mm
—&— Diameter = 800 mm

40 -

Coil loss (W)

3.0 1 1 1 1 1 1 1
6 7 8 9 10 11 12

Number of turns

Figure 2. Coil loss vs. number of turns and transmitter diameter [23].
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Figure 3. Cross-section of the planar circular coil and parameters [6].

(a) Double-layer transmitter coil (b) Double-layer receiver coil

Figure 4. Typical double-layer coil design for transmitter and receiver.

(a) Single-layer proposed transmitter coil (b) Single-layer proposed receiver coil
Figure 5. Proposed single-layer coil design for transmitter and receiver coils.

Table 2. Parameters and values of the coil.

Parameters Values for Proposed Design DXﬁLligf]f:;eTry]g:e:ai;n
Length of the wire (m) 2.08 45
Width of the wire, w (m) 0.00215 0.00215
Number of turns, N turns 10 14
Distance between two turns of
. 0 0
the coil, p (m)
Inner diameter, D;;, (m) 0.04 0.02
Outer diameter, D,,¢(m) 0.08 0.08
Table 3. Calculated values of the coil design.
Parameters Values for Proposed Single Values for Typical
Layer Design Double-Layer Design
Resonant frequency, f (Hz) 150,000 15,000
Inductance, L (H) 7.16 1 9.05 n
Mutual inductance (H) 573 u 724 1
Resistance, R () 9.85m 21.32 m
Capacitance, C (F) 157.24n 1244n
Quality factor, Q 685.08 400.6

Shape of the coils Circular Circular
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The outer diameter of the coil is fixed during the preliminary stage, as the common
type of coil on the market typically has a diameter of 4 cm. Thus, in this project, a bigger
size of coil was proposed to facilitate the wireless charging between the transmitter coil and
receiver coil. Based on [28], when the outer diameter of the coil is fixed to a specific value,
the inner diameter cannot be smaller than half of the outer diameter. The inner diameter,
fixed at 0.04 m, was exactly half of the proposed outer diameter. This was a reasonable size
for the coil, and the magnetic field and magnetic flux would provide a high-power transfer
between the transmitter and receiver coils. As shown in Figures 4 and 5, p was 0 and the
distance between two turns of the coil, whereas the Litz wire in each of the turns was held
tight in position to make sure that the coil was rigid. The self-inductance of the proposed
coil can be calculated using Equation (1) [6]:

_ N%(Dout — N(w + p))? L 3937
" 16Dgu +28N(w+p) 106

—~

H, M

where N, D,yt, w, and p represent the number of turns, the outer diameter, the width, and
the distance between the turns, respectively.

L =716uH

The resistance of the proposed coil was calculated using Equation (2):
R = p4 @)

where p is the resistivity of annealed copper, p = 1.72 x 1078 QOm; and A represents the
area, which was calculated based on Equation (3):

A = 7r?, 3)

where r is the radius, which was calculated using Equation (4):

radius = 000215 _ 0.001075 m 4)
A = 3.63um?
R = 9.85mQO)

The capacitance C of the proposed coil at a 150 kHz resonant frequency was calculated
using Equation (6):

1
w = —— 5
e ©)
1
42 f2L ©)
C = 157.24nF

The quality factor Q of the proposed coil was calculated using Equation (7):

Q= ;\E %

Q = 685.08.
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2.1.1. Comparison between Typical Coils and Proposed Coils Based on the Quality Factor

The quality factor or coil quality Q is the most important parameter, which indicates
the quality of the coil for a better wireless transmission. The quality factors of the proposed
and typical design coil were found to be 685.08 and 400.06, respectively. This wide variation
or noticeable difference in the Q factors between both the coils indicated the difference in
the coil performances. The high Q factor and low resistance of the proposed coil allow for
an efficient wireless transmission between the transmitter coil and receiver coil. As shown
in Table 4, the proposed coil had an efficiency of 55.04% and the typical design coil had
an efficiency of 12.06%. As shown in Table 4, the output powers presented in the results
were calculated based on the measured voltage and current values, by using a multimeter
and digital storage oscilloscope. The multimeter model used in this research was a GW
Instek GDM-394 Digit Multimeter and the model of the digital storage oscilloscope was
a GW Instek GDS-1102A-U. The multimeter and oscilloscope datasheets provided the
specifications, which included the best accuracy for measuring the AC and DC [21] in both
the voltage and current. The error tolerance for the measurements was 3%.

Table 4. The efficiency of power transfer of two types of coils.

Parameter Proposed Single-Layer Coil Typical Double-Layer Design Coil
Input Output Input Output
Fower (w) 25.6 14.09 25.6 3.08
Efficiency (%) n = 5 % 100% = 55.04% n = 38 x100% = 12.06%

2.1.2. Aperiodic System for the Proposed Coil

A system with a transmitting—receiving surface composed of coil winding in different
directions is called an aperiodic system. The results of [22] have demonstrated that, while
using a circular planar coil system, the aperiodic model outperformed the periodic one in
terms of its efficiency, since its output power was higher. No matter how close together
the coils were, the aperiodic form produced the maximum system efficiency. To obtain
a better result in a misalignment study of the X-axis and Y-axis, the orientations of the
front and back of the coil winding were predetermined. The paper affixed to the coil’s back
served to identify the coil as the transmitter coil during wireless transmission in a clockwise
manner. Due to the visibility between the coils during wireless transmission, the paper was
not affixed to the receiver coil. The configuration during wireless transmission formed an
aperiodic orientation, as illustrated in Figure 6. The transmitter coils are represented by
the blue arrows winding in a clockwise orientation. The receiver coil is represented by the
green arrow pointing anticlockwise.

Figure 6. Illustration of aperiodic system.

2.1.3. Effect of Proposed Coil Winding

The power losses of the transmitter coil and receiver coil for the single-layer proposed
design were determined to calculate the power transfer in the system and the system’s
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efficiency. The power loss of the coil winding was mainly calculated by using P = I?R.
The power loss of the transmitter coil was 0.059 W and that of the receiver coil was 0.079 W.
With these power/heat losses, the coil winding was heated to a warm temperature when the
alignment of the transmitter and receiver coils were perfectly aligned with the maximum
power transfer. This shows that the power losses generated in the coil winding dissipated
in the form of heat. The heat losses of the double-layer coil winding were not included in
this power loss calculation, since it is in the preliminary stage of coil design consideration,
and this was just to compare the overall efficiency instead of the wireless transmission
efficiency. The measurements of the current were taken using a GW Instek GDS-1102A-U.

R = 9.85mO

Power lost in the transmitter coil = I°R
Power lost in the transmitter coil = (2.45%)(9.85 m)
Pioss 7 = 0.059 W
Power lost in the receiver coil = I*R
Power lost in the receiver coil = (2.83%)(9.85m)

Pioss x = 0.079W

2.2. Transmitter Hardware Fabrication

The fabrication of the transmitter circuit went through several steps, and two PCB
circuit designs were developed to meet the required standards; for the first design and final
design, refer to Figure Al. The transmitter circuit was built using DipTrace software. In the
final design, two layers of the circuit route were implemented to avoid overlapping with
the ground connection. The width of the circuit route was intended to support a current of
up to four amps.

Improvements were made to the final design to enhance the overall circuit performance
and ease the assembling of the components into a complete circuit via soldering. Table 5
illustrates the components of the transmitter circuit. Compared to the first prototype, five
terminal blocks were added to the final prototype design to connect the input wire to
the circuit effortlessly, which saved time. It was redesigned to fit a compact size; all the
components were soldered into the PCB without clashing with the others, as the space
was predefined and measured. The first prototype was printed with a copper PCB and the
soldering process was difficult due to the print quality.

A full-wave configuration inverter was implemented to convert the DC to AC [29].
IRLZ44N was used. VDSS was the maximum voltage that could be applied across the
source and drain terminals of the MOSFET. The static Rds were as low as 0.022 Q). The
maximum continuous drain current could be up to 47 A. IR2210 was used as a gate driver
for the MOSFET, which could withstand a voltage of up to 500 volts (offset voltage). Its
output pins could deliver up to two amps of peak current [30].
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Table 5. Components of the transmitter circuit.

Items Number of Items Values
IRLZ44N MOSFET 4 -
Heatsink 4 -
IR2110 MOSFET Driver IC 2 -
7805 Voltage Regulator 2 -
1n4001 Diode 2 -
Capacitor A 4 47 uF
Capacitor B 2 10 uf
Capacitor C 2 100 nF
Capacitor D 1 200 nF
Resistor A 4 10 Q)
Resistor B 4 10 kQ)
Terminal block 5 -

2.2.1. Clock Input of the Transmitter Circuit

During the preliminary design stage, the clock inputs were generated using Raspberry
Pi Pico, but the voltage value of the clock inputs did not reach the required rated voltage.
There was a major problem with generating an inverted clock signal using Raspberry Pi
Pico, because an additional NOT gate IC was needed and both clock signals were not stable.
Figure 7 illustrates the complete design system of the wireless charging station, where
it displays the wireless power receiver placed inside the drone and the four transmitters
in the wireless charging station. The power wireless receiver was placed at the highest
efficiency point. Two function generators were used if the clock signals generated by the
function generator were used, as shown in Figure 7, and both clock signals were stable and
easy to feed into the IR2110 MOSFET driver IC. In total, two clock inputs in the transmitter
circuit were used for the switching of the MOSFET: the Clock 1 signal for MOSFET 1 and
MOSFET 4 and Clock 2 for MOSFET 2 and MOSEFET 3, as shown in Figure 8. The clock
parameters are shown in Table 6. Figure 8 illustrates the values of the resistance used in the
circuit, the IR2110-1 (gate driver) output pins connection, and the clocks input connection.

Ty -y -y -
- L esia =

. & 2~ m—

Figure 7. Overall charging station system.
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Figure 8. Schematic diagram of the transmitter circuit.
Table 6. Clock input parameters.
Item Value
Voltage 5V
Clock frequency 150 kHz
Shape Rectangular
Signal Normal and inverted

2.2.2. DC Power Supply Parameters

A total of three pieces of DC supply equipment were used to supply the four trans-
mitter circuits. The VCC supply of 20 V and 2 A had a rated power input of 40 W to the
transmitter circuits, whereas Vin was the actual input voltage supply for powering the
IC2110 driver. The rated power input was not the real power input to the transmitter circuit,
but the maximum available rated power for this DC power supply. Each of the transmitter
circuits needed a separate VCC supply and Vin supply. The first set of transmitter circuits
included the first and second transmitter circuits, while the second set included the third
and fourth.

2.3. Receiver Hardware Fabrication

The receiver PCB circuit design and the final prototype of the receiver hardware design
are presented in Figures A2 and A3, respectively. The circuit consists of a bridge diode
rectifier used to convert an AC signal into a rectified DC signal, followed by the Pi low-pass
filter. The components of the final prototype of the receiver circuit have been shown in
Table 7. The primary function of the Pi low-pass filter is to smooth the rectified signal into a
constant DC signal and filter out the high-frequency signal, which is possibly considered to
be a noise signal. The working frequency for the wireless transmission was set to 150 kHz.
During the preliminary design stage, a low-frequency type of 1n4001 diode was used, but a
high-frequency signal could not be easily rectified, and the maximum current was only 1 A.
Therefore, a receiver with a high switching rectification needs to be considered to convert
the alternating current in the coil into a direct current to charge the battery. A Schottky
diode is the standard option for this, as it has features of extremely fast switching with
low forward voltage drops and can operate at a high frequency. These features make the
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Schottky diode rectifier effective for wave-shaping applications and power delivery. As
compared to a conventional diode that has a voltage drop of 0.6 to 0.7 V, Schottky diodes
have a voltage drop of 0.15 to 0.45 V. This is what allows Schottky diodes to flip quickly
and contributes to a system’s increased efficiency.

Table 7. Components of the receiver circuit.

Items Number of Items Values
Capacitor A 1 200 nF
Schottky diode 4 -
Capacitor B 2 10 uF
Inductor 1 1uH
20 W Load 2 50
Terminal block 1 -

Bridge Rectification with Low-Pass Filter

In the circuit design of the receiver, a Pi filter was set as a low-pass filter, as shown
in Figure 9. These filters are third order in nature and give a substantial roll-off over the
cut-off (20 dB/decade) since they contain three L or C components. The hardware design
of the Pi filter has been shown in Figure A4.

=c3 —=c4 é RL

Figure 9. Pi low-pass filter [31].

The circuit is often implemented as a low-pass filter, but it may also be utilized as a
higher-order filter for the input to the DC power supply. The high-frequency components
in the input signal are passed to the ground when the capacitors are used as shunt elements.
The value of the inductance was calculated using Equation (8).

1
_ 8
Je = oavics ®)
5000 = — ~—
~ 2m/L(10u)
L = 1uH

2.4. Regulator Wireless Receiver Circuit Design and Fabrication

A custom design board was fabricated to regulate the output voltage coming from the
receiver side to 12.6 Vdc by using LM317, as shown in Figure 10. The regulated voltage
was supplied to the balancer (18,650) to charge the 3s LiPo battery, as shown in Figure 11.
This illustrates the design of the regulator charging circuit design, where Vdc represents
the power input pins and the output pins for the 3s LiPo battery are designed to fit into
the LiPo battery pins. The LiPo battery single cell voltage is 3.7 V and can go up to 4.2 V
when fully charged. The battery must be charged in a balanced manner so that the battery
health can be maintained. Some of the elements in the circuit design are not available in
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other software libraries, such as the LiPo balancer circuit. The Dip Trace software was used
because of its flexibility for the custom design of any elements, based on the requirements
of the design.

Rectifier, Regulator

filter & I &

Load Balancer

Figure 10. Block diagram of regulator wireless transceiver.
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—= > NN —1>1
Dl
—
3=
R2
Z1]
O
= ©)
R3 @ Output
126 8.4 3
< g 4.2
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$— OUTPUT

@

- TIP32
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Figure 11. Regulator and balancer schematic circuit diagram.

The AC voltage was induced toward the receiver through the coils. At the receiver, the
AC voltage was converted back into DC voltage through the bridge rectifier in the receiver
module. In total, three load resistances were used to find the maximum power: 25 (3, 20 (),
and 5 Q). The load resistor was added to the circuit to stabilize the current drawn by the
battery, which was calculated using Ohm’s Law. The 20 () load resistor was found to be
the optimum one for the system. The load could be adjusted to manipulate the current
value, which would affect the charging time: the higher the charging current, the faster the
charging time. Nevertheless, the maximum charging current could not exceed 1.26 A to
achieve the healthy charging of a 3S LiPo battery. Figure A5 illustrates the PCB layout for
the regulator and balancer.

A diode D1 (IN5408) was used to ensure that the current flowed only in the desired
direction. A total of two resistors were placed into the circuit, one with a fixed value, R;,
and the other was a variable resistor, Ry. The variable resistor was placed to adjust the
output voltage of the circuit using Equation (9). The equation is based on the output voltage
of an LM317 voltage regulator. Equation (10) calculates the output voltage of the balancer
circuit, where V,; represents the output voltage of the circuit, while R and R, represent
the load resistor.

Vour = 1.25 % [1 + Rz] )
Ry

The efficiency of the wireless power transceiver was calculated using Equation (12),
where Pout is the output power at the receiver side and Pin is the input power of the
transmitter module. The input power is defined as the supply voltage multiplied by the
supply current. The output power can be determined by multiplying the output voltage at
the receiver side by the charging current [32].

Pin = Vin x Iin (10)
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Pout = Vout x Iout (11)
Pout
n = - 12
Pin (12)

Load Resistor Selection

We observed the changes in the different loads, with their respective rated powers and
their effects on the changes in the transmission efficiency. Based on Table 8, the 50 W /20 ()
load in the receiver had the highest wireless transmission efficiency of 60.73%, which shows
promising wireless transmission, whereas the efficiency of the 20 W/5 (2 and 100 W /25 ()
loads were 55.04% and 51.86%, respectively.

Table 8. Comparison of efficiency based on several types of loads.

Parameter 20 W/5 Q) 70 W/20 O 100 W/25 0
Input Output Input Output Input Output
Power (w) 25.6 14.09 13.7 8.32 14.0 7.26
Efficiency (%) n = 52 x100% = 55.04% n = 32 x100% = 60.73% n = 726 x100% = 51.86%

The power of the 20 W/5 () load was not large enough to draw the current from the
low-pass filter. By increasing the load resistance through a higher power rating, more
current could be drawn from the low-pass filter. Increasing the load in this experiment
showed that, by increasing the load resistance, the output power was increased. However,
there was a maximum load and high-power rating in the receiver circuit of 70 W/20 (); a
further increase in the power rating and resistance of the load would gradually decrease the
efficiency. The second thing to be compared is the output power. Although the 20 W/5 Q)
load had 55.04% efficiency, which was in the middle of the loads, the DC output power was
the highest, at 14 W.

3. Wireless Charging Platform with z—x—y Axis Alignment

Figure 12 illustrates the overall design of the wireless charging station platform.
The mechanical structure of the wireless charging station platform was designed and
constructed in a way that allowed for the free movement of the transmitter coils’ z-axis and
receiver coil’s x—y axis. The transmitters Tx were placed in the bottom layer. The transmitter
coils moved along the z-axis in a range of 30 cm. As shown in Figure 13, the green box
illustrates the bottom layer in the z-axis, while the blue box illustrates the transmitter Tx
holder. The receiver coil was placed in the top layer and could move along the x-axis and
y-axis in a range of 50 cm. All the transmitters were turned on at the same time by the power
supplies. The wireless power transmission could be achieved when all the transmitters
were on, and the data collected in Tables 9-11 are mainly based on this theory. The intention
of this study was to investigate the positioning of the receiver coil on the four transmitter
coils when the wireless power transmission took place, as all four transmitter coils could
perform wireless power transmission to the receiver coil at the same time. However, the
output power level of the receiver coil was based on its positioning.
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X-Y-Z AXIS, ADJUSTABLE WIRELESS CHARGING STATION
PLATFORM TO CONTROL THE BOTTOM PLATE.

Figure 12. Wireless charging station platform.

Figure 13. Side view of the wireless charging platform.

Table 9. Current data collected based on the X- and Y-axes.

X(A)
0 1 2 3 4 5 6 7 8
0 1.608 1.368 0.886 0.667 0.655 0.647 0.813 1.411 1.583
1 1.543 1.212 0.762 0.577 0.565 0.505 0.733 1.233 1.555
2 1.134 0.979 0.635 0.501 0.433 0.501 0.713 0.993 1.266
Y(A) 3 0.748 0.421 0.417 0.262 0.402 0.260 0.423 0.521 0.831
4 0.386 0.209 0.035 0.236 0.603 0.246 0.046 0.213 0.413
5 0.809 0.557 0.465 0.248 0.414 0.401 0.511 0.523 0.808
6 1.382 0.986 0.660 0.517 0.341 0.531 0.677 0.937 1.193
7 1.655 1.257 0.861 0.555 0.434 0.437 0.883 1.243 1.667
8 1.675 1.488 1.077 0.592 0.443 0.539 1.100 1.463 1.633
Table 10. Voltage data collected based on the X- and Y-axes.
X(V)
0 1 2 3 4 5 6 7 8
0 8.870 7.570 5.030 3.134 3.060 3.367 5.080 7.360 8.780
1 8.510 6.440 4.880 2.270 3.170 2.456 4.760 6.370 8.490
2 6.14 5.540 3.651 1.911 2.569 2.076 3.465 5.360 6.230
Y(A) 3 3.111 2.385 2.144 1.527 2.535 1.687 2.257 2.449 3.930
4 1.653 1.225 0.241 1.455 3.200 2.013 0.377 1.376 1.563
5 3.141 2.312 2222 1.536 2.290 1.530 2.310 2410 3.214
6 6.220 5.450 3.830 2.053 1.870 1.403 3.730 5.530 6.430
7 8.910 6.800 5.280 2.513 2.399 2.316 5.430 6.830 8.880
8 8.91 7.850 5.880 3.422 2.590 3.133 5.770 7.660 8.98
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Table 11. Power data calculated based on the X- and Y-axes.
XW)
0 1 2 3 4 5 6 7 8
0 14.263 10.356 4.457 2.090 2.004 2.178 4.130 10.384 13.899
1 13.13 7.805 3.719 1.309 1.791 1.240 3.489 7.854 13.202
2 6.960 5.423 2.318 0.957 1.112 1.040 2471 5.360 7.819
Y(W) 3 2.327 1.004 0.894 0.400 1.019 0.439 0.955 1.276 3.266
4 0.638 0.256 0.008 0.343 1.929 0.495 0.017 0.293 0.646
5 2.541 1.288 1.033 0.381 0.948 0.613 1.180 1.260 2.597
6 8.596 5.373 2.528 1.061 0.638 0.745 2.525 5.182 8.314
7 14.746 8.548 4.546 1.395 1.041 1.012 4.795 8.490 14.803
8 14.924 11.681 6.333 2.026 1.147 1.689 6.347 11.207 14.664
Alignment Setup

Figure 14 illustrates the arrangement of the transmitter coils and receiver coil, which
starts at the origin (0, 0). The position of the receiver was determined by how many times
it moved from the origin (0, 0). Each of the steps moved was 1 cm; if the receiver coil
moved four steps to the right and four steps upward, that meant that the receiver coil
was at the (3, 3) position. The difference in the second row between positions 3 and 4 was
that, in position 3, the receiver coil was at the positioning of (0, 2), as in (X, Y). The output
power of the second row, in position 3, was 6.96 W. While in position 4, the receiver coil
was at the position of (0, 3), as in (X, Y). The output power of the second row, in position
4, was 2.327 W. The output power in the second row, in position 3, was higher than the
output power in position 4. The output current, voltage, and power can be referred to in
Tables 8-10, and all these data are comparable with the different receiver positionings. This
process is shown in Figure 15. An analysis can be conducted through the power data, as
these were the products of the output voltages and currents.

A
-
o
=
o X-axis -
Position 1 Paosition 2 Position 3 Position 4
(0,0) (1,0) (2,0) (3,0
+
-
o
o
:
X-axis ~
Position 1 Position 2 Position 3 Position 4
(0,0) (0,1) (0,2) (0,3)

Figure 14. Explanation of the positionings of the receiver coil.
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Position 1 Position 2 Position 3 Position 4
(0,0) (1,0) (2,0) (8, 4)

Figure 15. Hardware positioning of the receiver coil.

4. Results and Discussion
4.1. Misalignment Study in X-Axis and Y-Axis

In this section, the misalignment is studied, as all the currents and voltages are
collected and arranged in a table. These data can be referred to based on the X- and Y-axes.
The z-axis distance between the transmitter and receiver coils was set to 5 mm. The current
data are shown in Table 9, the voltage data are shown in Table 10, and the calculated output
powers are shown in Table 11. An analysis was conducted through the power data, as these
are the product of the output voltage and current of the 20 W/5 () load. The error tolerance
for the measurements is 3%. The data shown in Tables 9-11 are based on measurements
from using two multimeters. The output power was calculated using the formula P =IV.

Figure 16 represents the levels of power with various combinations, based on the
X-axis and Y-axis. This 3D view shows a clearer view of the changes in the power levels
due to the positions. These power levels were calculated based on the voltage and current
measurements of the load in the receiver circuit. The changing position of the receiver coil
on the static 16 cm x 16 cm square of the four transmitter circuits affected the wireless
power transmission. This is a major problem in wireless transmission technology called
lateral misalignment, in which the transmitting and receiving coils are in the parallel plane
but are offset in the x-direction or y-direction.

Misalignment of transmitter and receiver coils

12

0 1
Lﬂkkm)

m0 ml 2 3 m4 Em5 EH6 m7 m8

Figure 16. Presentation of power data in 3D view in X-axis and Y-axis planes.
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The first condition was when the X-axis was constant, and the Y-axis varied. For
instance, the X-axis of 0 was fixed, with an increased value on the Y-axis. It was observed
that the power was the highest when the receiver coil was placed at the position of (0, 0)
and (0, 8). This meant that the receiver coil was coupled perfectly with the transmitter coils
and the voltage was successfully induced to the receiver coil due to a stronger magnetic
field. The power output decreased gradually when the coil moved from (0, 0) to (0, 4).
Then, when the coil moved from (0, 5) to (0, 8), the output power increased. This showed a
V wave-shaped pattern of the output power, and the theory justified the fact that both coils
were coupled perfectly at the positions of (0, 0) and (0, 8).

A similar pattern of the power level was observed at the four corner positions, (0, 0), (0,
8), (8, 0), and (8, 8), which had the highest output power; the power was reduced when both
coils started to misalign. The output power dropped when the coils misaligned because
the voltage induced to the receiver coil was based on its position. When the receiver coil
lay between two transmitter coils, the voltage could only be induced from one transmitter
coil that had a greater area coverage than the receiver coil. The output power at the (4, 4)
position showed a sudden increase due to the better area coverage for the transmitter to
induce the voltage into the receiver coil. As shown in Figure 17, the maximum value was
14.924 W at (8, 0) and the minimum value was 0.008 W at (4, 2).

Misalignment of transmitter and receiver coils

Ill‘ Il‘| H|||‘| |[]H |-I|| I I- o |||U ||||| Hlll“ |I‘|‘ || |||‘|
0 1 2 3 4 5 6 7 8

X-axis (cm)

HO N1 m2 W3 H4 ES H6 H7 m8

Figure 17. Presentation of data in 2D view.

4.2. Efficiency of the WPT Design

In this experiment, an efficiency of 55.04% for the IPT design was achieved, which
proved that this system is feasible. The efficiency of the wireless power transceiver was
calculated based on Equation (12), where the input voltage and current were measured
from the transmitter side, and the output voltage and current were measured from the
receiver side. The estimated charging time of the 3s LiPo battery was 3.3 h. At the initial
stage, the voltage of the LiPo battery was 10.1 V, and it took 120 min to reach 11.69 V. The
charging currents were lower than expected, due to the loss in the circuit and the alignment
of the transmitter and receiver coils. This could be improved by adjusting the positions
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of the coils. Figure 18 illustrates the battery charging voltage and current vs. time, where
V(DC) is the input-supplied voltage to the wireless power transmitter circuit and V(RL)
represents the measured output voltage of the battery during the charging process. I(DC)
represents the input-supplied current to the wireless power transmitter circuit and I (RL) is
the output-measured current that flows into the battery during the charging time.

LiPo Battery Charging Voltage VS Time LiPo Battery Charging Currents VS Time

~
&
-
~

— S —~——— =l (RL
2 v(og) 1 ]
—

s —V[RY gos 0q
¢ -
5 £ 05—
£ :
> O 04

5 0.2

0 0

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 18. LiPo battery charging voltage and current vs. time.

The distance between the coils will also affect the power transmission, with 3-8 mm
giving the highest efficiency. However, it is important that the charging current does not
exceed the maximum current of 1.26 A for the healthy charging of the battery. The charging
current of the battery and the estimated charging time were calculated using Equations (13)
and (14), respectively:

Py
Icharging = Vbaz (13)
a

Lharging = 127 A

capacitlpas

at

(14)

T = 331h

4.3. Comparison between the Proposed WPT Design and Related Studies

Tables 12-14 represent comparisons of this study and examples of similar avail-
able and presented WPT systems, where the term N/A stands for (not applicable data).
Tables 11 and 12 represent a comparison between the related specifications of the Rx and Tx
design, respectively. Table 13 illustrates the important parameters of the other studies for
WPT and the distance between the coils in comparison to this study. The innovation in this
article is to design and fabricate workable multiple-transmitter coils and a single-receiver
coil for a wireless power transfer system to charge a 3S LiPo drone’s battery. It not only
covers an overview of wireless power transfer, but also includes the method for charg-
ing the 3S LiPo drone battery, a misalignment study on the X and Y axes of the wireless
charging system, and a stable charging of the battery that did not exceed the maximum
current of 1.26 A for the healthy charging of the battery. The selection of the coil design
was based on [23]. This was to ensure fewer coil losses and reduce the weight of the coil
on the receiver side of the drone. The shape of the circular coil with an outer diameter of
0.08 m is also a suitable size to be carried by a drone. To enhance the wireless transmission
in this circular array coil, an aperiodic system of the coils [22] was adopted in this study.
In [2], the author addressed the need for a high-quality factor to tackle the misalignment
problem between the loosely coupled coils. Thus, a comparison of the coil design in the
market and the proposed design is presented. The quality factor of the proposed coil was
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685.08, which is relatively higher than those in [2,33]. There are two types of transmitters
that are used for this comparison: coils of circular and rectangular shapes.

Table 12. Comparison between the proposed transmitter coil and similar studies specifications.

Ref. Coil Shape Number of Turns  Inner Diameter (m) Outer Diameter (m) Type of Wire
[34] Circular (Array) 15 N/A N/A Litz wire
Rectangular Dimension (Length = 0.4, . .
[35] (Array) 8 N/A Width = 0.15) Litz wire
[3] Circular 5 N/A 0.08 Litz wire
2] Circular 25 0.15 & 0.26 0.21 & 0.32 Leeds wire
(Asymmetrical)
[36] 3D design N/A N/A N/A N/A
[37] Rectangular 6 N/A Width = 0.19 Litz wire
[38] N/A 4 N/A N/A N/A
[33] Irregular shape 2 N/A N/A Copper
This study Circular (Array) 10 0.04 0.08 Litz wire

Table 13. Comparison between the proposed receiver coil and similar studies specifications.

Ref. Coil Shape Number of Turns  Inner Diameter (m) Outer Diameter (m) Type of Wire
[34] Circular 40 N/A N/A Copper wire
Dimension
[36] Rectangular 2 N/A (Length = 0.02, Litz wire
Width = 0.05)
[3] Circular 2 N/A 0.08 Litz wire
[2] Circular 25 0.15 0.21 Leeds wire
[36] 3D design N/A N/A N/A N/A
[37] Rectangular 6 N/A Width = 0.19 Litz wire
[38] N/A 4 N/A N/A N/A
[33] Irregular shape 1 N/A N/A Copper
This study Circular 10 0.04 0.08 Litz wire

Table 14. Comparison between the proposed WPT design and similar studies specifications.

Ref. Transfer Distance (mm) Quality Factor of the Coil Power Transfer (W) Transfer Efficiency (%)
[34] N/A N/A 52 85
[35] 10 N/A 64 79
[3] 10 N/A 144 90
[2] 40 204.1 & 134.4 65.77 62.44
[36] 400 N/A 51.7 91.13
[37] 200 N/A 5-52 28-63
[38] 0 N/A 12 50
[33] 120 400 10 -
This study 5 685.08 14.924 58.29

In [34], the author proposed an intelligent drone battery charging system based on
WPT using the Hill Climbing algorithm. In this paper, four transmitters and one receiver
were used for the wireless charging system. The shape of the array was the same as that
in this study, which is a circular shape. However, this research work only focused on a
method for eliminating the misalignment issue, which used the Hill Climbing algorithm,
but the coil design specifications and battery charging were not mentioned. The battery
was replaced by a load resistor. From the observations, the transmitter coil was made from
a Litz wire, but the receiver was made from a copper wire. The transfer efficiency reached
85%, with 52 W of power transfer.
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In [35], the author proposed an overlap of the coil design used in the transmitter in
the form of an array. The array was formed by a few rectangular-shaped coils and was able
to supply an output current of 4 A, with 64 W of power and an efficiency of up to 79%. The
battery was modelled as having an equivalent resistance of 3.24 Q.

5. Conclusions

In this research project, a WPT platform was designed and constructed. The maximum
power and efficiency were investigated based on the lateral misalignment, which showed
that both coils needed to be coupled perfectly to obtain a high magnetic flux, which would
induce the voltage from the transmitter coil to the receiver coil. The proposed coil had a
higher efficiency (55.04%) than the typical design coil with a double layer. The efficiency of
the typical design coil was found to be 12.06% and we proved that the proposed coil was
better. Based on the results collected, to obtain the maximum power and power efficiency,
the alignment of the transmitter coil and receiver coil needed to be coupled perfectly to
produce a high magnetic flux, which would induce the voltage from the transmitter coil
to the receiver coil and, thus, the current flow. However, due to its high misalignment
tolerance compared to the types of wireless transmission, compact design, and power
transmission capabilities of a sufficient range, inductive power transfer, which was the
design in this project, was the best choice for drone charging applications. In total, three
loads’ resistors were compared to study the maximum power that could be drawn from
the Pi filter; the maximum load was found to be 70 W /20 Q).

An experimental investigation was conducted and an efficiency of 58.29% was achieved
at power of 14.924 W at (8, 0); the minimum value was found to be 0.008 W at (4, 2). An
estimation of a 3.31 h charging time for a 3s LiPo battery was calculated based on the
measured output current of 1.27 A. However, the actual charging time of the LiPo battery
was found to be 2 h.
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Appendix A

(a) Front side of receiver PCB layout (b) Back side of receiver PCB

Figure A2. Receiver PCB circuit design.

Figure A4. Pi low-pass filter.
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Figure A5. PCB board design for regulator and balancer.
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