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ABSTRACT

This paper comprehensively studies an inductive power transfer (IPT) -based toy drone
charging system. The main issue of toy drones are limited flight time and battery capacity.
Due to this, it has motivated us to propose a portable charging system to power up the
battery of a toy drone wirelessly. The Class-E circuit is designed with a single-power MOSFET
switch and load network to efficiently drive high-frequency alternating current (AC) with
minimal switching losses. Utilizing an Arduino board to generate a pulse width modulation
(PWM) switching signal, the impact of the PWM device on the Class-E circuit's switching
performance at 500 kHz was explored. The analysis encompasses the performance of the
Class-E circuit in terms of Zero Voltage Switching (ZVS) and output load. The findings
revealed that the PWM waveform from Arduino achieves an approximately 50% duty cycle
and enables optimal ZVS of the Class-E circuit. Consequently, the MOSFET is activated during
the minimum voltage across its drain and source, thereby minimizing switching losses. As a
result, the potential application of a Class-E circuit in energizing the transmitter coil for the
toy drone was observed.
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1. INTRODUCTION

Toy drones are getting more diverse and user-friendly, indicating an increase in popularity. They
are used for enjoyable activities such as flying in parks, capturing pictures, and racing
competitions for entertainment. On the other hand, drones also are widely used in civil and
agriculture areas [1]. However, the present problem with toy drones or any other drone type is
that they have limited flight time and battery capacity [2]. This is because the battery drains
quickly, especially while the battery is at full output power. Consequently, the user needs to
recharge the battery by removing the battery from the drone. Due to this, it has motivated us to
propose a portable charging system to power up the battery of a toy drone wirelessly. An
inductive link is a suitable alternative to transferring electricity at close range without the
inconvenience of using a wire to recharge the battery. To energize inductive links and receive
enough output power, powerful power electronics circuits are required to be designed either at
transmitter or receiver side of Inductive Power Transfer (IPT) system. An inverter is a crucial
power electronic circuit that efficiently converts the direct current (DC) electricity generated by
solar panels or DC input supply into alternating current (AC) electricity. It has been widely used
due to the increasing demand for the use of solar panels to power up the AC load [3].
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The different types of inverters, including single inverters, dual inverters, and multi-level
inverters, serve similar functions but have distinct characteristics. These characteristics depend
on the number and configuration of power switch components used in each type of inverter. H-
bridge of full-bridge topology circuit is one of the multilevel inverters, which was famously used
in high-power applications [4-6]. For example, a novel push-pull parallel resonant converter-
based using four power switches for IPT-based electric vehicle system with 3.3 kW and 86 kHz
was proposed by Zhao et al., [7]. Next, in drone charging application, Obayashi et al., [8] used full-
bridge inverter to drive inductive links at 750 W and 85 kHz.

However, the use of multiple switching devices comes with a few drawbacks, such as power losses
and complex switching control strategy. Consequently, various authors have conducted studies
and made modifications to the H-bridge circuit for photovoltaic system applications, considering
different output power levels and load conditions [9-11]. The H-bridge topology experiences
efficiency losses and requires complex switching control due to its design involving multiple
switching elements. In contrast, a few researchers used dual power switches and single power
switch while driving inductive links. For example, Jawad et al., [12] used two power switch
transistors to drive inductive links in drone charging application.

On the other hand, Ma et al., [13] stated that the Class E circuit presents a more favorable
alternative with a single power switch in high frequency inverter, resulting in reduced switching
losses and simplified control, making it an advantageous choice for DC to AC power converter
application. Moreover, it is based on Zero Voltage Switching (ZVS) condition [13]. It has a proven
track record in biomedical implant applications [14-15], drone applications [16-17] and solar
panel [18]. However, resonant converter has significant drawbacks, including the necessity for a
bulk inductor, large Electromagnetic Interference (EMI) filters, high voltage stress on switches,
and the challenging design of the gate driver [19].

On top of that, it motivated us to design Class E circuit for toy drone charging system, specifically
focused on Class E circuit analysis on the effect of Zero Voltage Switching (ZVS) and inductive
links voltage. Thus, this paper is organized by starting with background and literature review.
Then, project methodology is discussed in Section 2. Next, experimental results are presented in
Section 3. Lastly, the paper will be concluded in Section 4.

2. METHODOLOGY

This section presents the Class E circuit's design through simulation and experimental works as
illustrated in Figure 1. The parameter determination was done by theoretical formula [20] and
summarized in Table 1. Then, the circuit was simulated using LT Spice software to observe ZVS
performance. After the circuit simulation was satisfying, a Class E circuit was constructed and a
Rigol oscilloscope was used to acquire the waveform signal during experimental work. The
parameter specifications are shown in Table 1.

The LTspice simulation model was used to validate the theoretical calculation. All the passive
components were connected to form a simple Class E circuit as illustrated in Figure 2 with the
value of parameters as shown in Table 1. IRF510 MOSFET was used to switch correctly. Whenever
a MOSFET has been triggered, the choke inductor is more conductive, and the voltage across the
shunt capacitor, Cshunt is zero. The shunt capacitor, Cshunt stores the charge after MOSFET is
active. The ZVS and load voltage waveform were observed by simulating with 500 kHz frequency,
12 V input voltage, 10 W maximum output power, and the duty cycle is 50%
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Table 1 Parameter specifications

Parameters Values
Operating Frequency, f, 500 kHz
Input DC supply, Ve 12.0V
Choke Inductor, Lenoke 26.0 yH
Shunt Capacitor, Cshune 10.0 nF
Series Capacitor, Ceries 4.0 nF
Series Inductance, Lgeries 30.0 yH
Load Resistance, R;, 10Q

Theoretical calculation and
parameter determination
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Next, Class E circuit experimental work was carried out to verify the simulation result. The circuit
was constructed based on theoretical circuit calculation and simulation work. Figure 3 depicts
the hardware implementation for the Class E circuit. It consists of an Arduino board, TC 4422 gate
driver, and a Class E circuit. Arduino board was mainly used to produce a Pulse Width Modulation
(PWM) with a periodic square waveform of 500 kHz switching frequency and 12V direct current
input supply. Then, the gate driver was required to allow the low current from the Arduino board
output signal to drive a MOSFET gate by switching on/off. The current from the driver will charge
the gate of parasitic capacitance and correspond to the turn-on time of MOSFET. It is high enough
to produce a low drain-source resistance, Rasiony when MOSFET is turned on.

Figure 3. Class E circuit hardware construction

In order to trigger MOSFET gate of Class E resonant converter circuit, 50% duty cycle of square
wave signals is required, which was produced by the Arduino board. It was connected before the
gate driver to the gate of MOSFET. Next, the circuit was integrated with inductive links for
misalignment test and gap analysis as illustrated in Figure 4 and Figure 5, respectively. Lastly, the
circuit was tested with a charging system as shown in Figure 6.

Figure 4. Misalignment test (a) 0 mm (b) 50 mm (c) 100 mm (d) 150 mm
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Figure 6. Circuit packaging for toy drone charging system (a) Switch off condition (b) Switch on
condition

3. RESULTS AND DISCUSSION

As illustrated in Figure 7, the voltage across the MOSFET and the shunt capacitance is zero when
the MOSFET is turned on. Otherwise, it can be observed that the drain-to-source voltage (Vgs) is
approximately 36.0 Vpeax for simulation and 39.2 V for experimental work with a resistive load of
10 Q during MOSFET is turned OFF. This value is about 3.0 times greater than the value of Vpp,
which is due to the increase in the charge stored in the shunt capacitor, Cshun: for both scenarios.
Noted that during simulation work as shown in Figure 7 (a), the transition is set to 2 pus for the
switching period. Additionally, the square waveform, which represents the gate-to-source voltage
(Vgs), is 21.0 V., for simulation, while the experimental work depicts 20.8 V..

While in practical work, the MOSFET gate source is powered by Arduino and passed by the
MOSFET driver. This is because, without the MOSFET driver, the MOSFET itself cannot be
triggered. After the use of the MOSFET driver, the waveform of the Class-E circuit achieved zero
voltage switching (ZVS), as shown in Figure 7(b). This is because the MOSFET drivers are
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designed to provide rapid switching transitions, which is crucial for achieving ZVS. Without a
driver, the gate of the MOSFET might not charge or discharge quickly enough, resulting in non-
zero voltage during switching events.
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Figure 7. ZVS of 500 kHz Class E circuit (a) Simulation result (b) Experimental result

Table 2 Performance results

Simulation Hardware
Switching frequency, f (kHz) 500 485
Voltage drain to source, Vgs (V) 36 40.8
Voltage gate to source, Vg (V) 20.8 21
Peak-peak Voltage across transmitter coil, V1 (V) 9.0 47.2
Peak-peak Voltage across receiver coil, V; (V) 3.0 8.4

The voltage across inductive links for simulation and experimental works are illustrated in
the Figure 8. The simulated results showed a smoothly sinusoidal waveform of 5 V, at transmitter
side. The sinusoidal waveform for experimental results has some ringing due to leakage
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inductance. To ensure the smooth sinusoidal voltage waveform of inductive links, the resonant
capacitor has been connected in series at transmitter side.
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Figure 8. Voltage waveform across inductive links (a) Simulation result (b) Experimental result

Next, Figure 9 (a) shows the air gap test measures how the distance between the transmitter and
receiver coils affects the voltage output. The data shows that the output voltage remains relatively
stable at 4.49 V and 4.47 V for air gaps of 0 mm and 20 mm, respectively. This stability indicates
that the system can handle small air gaps without significant loss in power transfer efficiency.
However, as the air gap increases to 40 mm, the voltage drops to 3.85V, and further to 3.2 V at 60
mm. This gradual reduction is due to the decreased coupling coefficient between the coils, leading
to reduced efficiency in power transfer. At an 80 mm air gap, the voltage drops to 0V, signifying
a complete failure in power transfer due to the loss of effective magnetic coupling.

While Figure 9 (b) illustrates the misalignment test assesses the impact of lateral displacement
between the transmitter and receiver coils on the voltage output. Initially, the output voltage
shows a slight decrease from 4.49 V to 4.04 V when the misalignment increases from 0 mm to 50
mm, demonstrating the system's tolerance to small misalignments. However, as the misalignment
grows to 100 mm, the voltage output decreases to 3.633 V, indicating reduced power transfer
efficiency. At 150 mm, the voltage sharply drops to 0.0162 V, showing a substantial loss in
efficiency due to significant misalignment and minimal magnetic coupling. Finally, at 200 mm
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misalignment, the voltage output reaches 0V, indicating a complete failure in power transfer, as
the coils are too far apart laterally to couple effectively.
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Figure 9. Performance of the induced voltage (a) Air gap test (b) Misalignment test

4. CONCLUSION

Class E circuit has been successfully examined through simulation and experimental results. A
PWM signal from an Arduino board controlled the power MOSFET, achieving a 50% duty cycle
and 500 kHz frequency. Results showed that zero voltage switching (ZVS) was possible in both
simulation and experimental setups, but the hardware implementation had a lower switching
frequency than the simulation. Additionally, the achieved findings also highlight the limitations
of the system regarding maximum air gap and misalignment tolerances, which are crucial
considerations for designing robust and efficient IPT system. Therefore, the rectifier and boosting
circuit should be considered for the future development of the receiver circuit to improve the
charging time and increase output current.
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