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 This paper presents an alternative approach to power up unmanned aerial 

vehicle (UAV) system using inductive approach. The main issue of utilizing 

UAV in any application especially in precision agriculture is the lifetime of the 

battery. This limits the flight time of the UAV which makes the system is 

unable to be efficiently applied for precision agriculture purpose. Hence, this 

paper proposes a new approach of powering UAV system by using so called 

inductive power transfer (IPT) technology. Through this approach, the system 

can be powered up wirelessly with no physical link in between transmitter and 

receiver. To be specific, class E inverter circuit has been designed together 

with impedance matching circuit to ensure higher efficiency is obtained. 

Finally, a prototype of IPT system for powering up the UAV system was 

successfully developed, which is able to transmit 23.32 W of power at 1 MHz 

operating frequency from 12 V input supply. The system achieved up to 

95.73% efficiency. 

Keywords: 

Class E amplifier 

Inductive approach 

Self-charging 

Unmanned aerial vehicle 

Wireless power transfer 

This is an open access article under the CC BY-SA license. 

 

Corresponding Author: 

Shakir Saat 

Centre of Telecommunication Research and Innovation, Faculty of Electrical and Computer Engineering 

Universiti Teknikal Malaysia Melaka (UTeM) 

76100 Durian Tunggal Melaka, Malaysia 

Email: shakir@utem.edu.my 

 

 

1. INTRODUCTION 

Wireless power transfer (WPT) is the transmission of energy without any physical link between the 

device and the power source. Without the interconnecting of wires or cables, WPT accomplished energy 

transmission by creating an electromagnetic field, or electric field or magnetic field between the device and 

the power source [1]. By using WPT technology, the charging system of electrical devices is innovating and 

improving with low risk of electric shock, ease of installation as the requirement of adaptor plug-in and out is 

the refrain, or short circuit and damaged of cables would never exist [2]-[4]. 

Inductive power transfer (IPT) is the transmission of power in between two coils through a magnetic 

field. Alternating current (AC) moves through the primary coil which acts as a transmitter, a circular 

magnetic field creates around the coil by ampere’s law [5]. Wire bending in the form of a coil amplifies the 

magnetic field and the more loops the coil makes, the larger the field creates. Then, the magnetic field 

transmits to the secondary coil which acts as a receiver, where the coil induces an alternating electromagnetic 

field (EMF) by following Faraday's law of induction, which alters the EMF to AC in the receiver [1]-[5]. The 

induced AC may either be powering up the device directly, or the AC will go through a rectifier to transform 

back into DC to fulfill the requirement of the load. IPT is widely used in current commercial products, 

https://creativecommons.org/licenses/by-sa/4.0/
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because of high efficiency, low cost, and still able to function at the extreme condition of the environment as 

IPT will not be affected by water or dust [6]. 

Unmanned aerial vehicles (UAVs) or also commonly known as drones, have been used in many 

different applications since a few years ago such as in maintenance, transportation, delivery and military 

industry [7], [8]. In fact, researchers are discovering all sorts of ingenious ways to improve efficiency and 

maximize profit using UAV technology. However, the main issue using UAV in any application especially in 

agriculture is the limitation of its battery life-time that limits its flight time. This is true as the depletion of the 

onboard supply is very significant as the amount of power needed by the motors is very large. Due to this, the 

UAVs require a frequent charge to allow the system to be used at a longer time operation and normally it 

involves direct human intervention [9], [10]. 

To overcome the issue, many researchers have devoted their time to focus on the autonomous 

charging approach to increase the endurance and the overall flight time as given in [11], [12]. As highlighted 

in [10], Silverman et al. [13] demonstrated the autonomous recharging on a charging dock for a ground robot 

and researchers in [14] proposed a battery swapping station approach for small co-axial helicopters. The 

recent work on contact-based technique can be found in [11] which is able to improve the misalignment issue 

and also the efficiency of the system. However, despite of many results available in the framework of 

contact-based autonomous charging approaches, every of the results suffer from their own conservatisms. In 

fact, the contact-based approach requires a perfect landing on the charging stations, and this is hard to 

achieve in the outdoor environment. Also, the method needs to have a reliable mechanical design and 

structure to ensure the perfect bond of the electrodes for good conductivity, which eventually increases the 

control complexity and cost [10].  

 Due to the above problems of contact-based autonomous charging approach, a more reliable 

solution has been proposed by [10] by utilizing WPT approach. A comprehensive survey on the UAVs 

solutions for increasing the flight time based on the WPT approach can be found in [15]. Chittoor et al. [15] 

have deliberated in details the available approaches of the wireless autonomous charging and mainly focus on 

the near-field techniques (such as capacitive, inductive and magnetic resonant approach) for efficient power 

transfer of less than one meter and far-field techniques (such as laser-based charging and microwave-based 

charging) for long-range power transmission. Most of the recent works focused on the near-field approach as 

the far-field approach has always been associated with the human safety issue and therefore the practicality 

of the approach is questionable. The inductive approach provides a better solution in term of overall output 

efficiency and reliability than its counterpart, i. e capacitive approach [16], [17]. Thus, in this work, a 

wireless charging system for UAV system based on the inductive approach is proposed.  

In contrast with [10], our work utilizes the class E inverter and impedance matching circuits to 

improve the efficiency of the system by ensuring the switching loss is minimal. The contribution of this work 

lies in the development of autonomous charging based on IPT system using class E inverter with impedance 

matching circuit that is able to transmit 23.32 W power to the load with efficiency of 95.73% at 1 MHz 

operating frequency. This paper is organized as follows: Research method is given section 2. Section 3 

presents the results and discussion of the work in detail. Then, the conclusion is provided section 4. 

 

 

2. RESEARCH METHOD  

This session explains the research design and procedures required in order to design IPT system, 

Class E inverter, and impedance matching circuit for the wireless autonomous charging UAV system.  

 

2.1.  Class E inverter design 

The class E circuit is shown in Figure 1. The specification used in designing the circuit is given in 

Table 1. The operation of class E inverter is regarded on the theory that the MOSFET acts as a switch to 

undergo zero voltage switching (ZVS) and convert the DC voltage to AC. Class E inverter is popular and 

commented to use due to its inherent robust, simple in design, and theoretically produces a 100%  

efficiency [18], [19]. In order to design class E inverter, the components should be first calculated using 

equations that are listed in [19]. From the values obtained, the type of MOSFET can then be decided. Apart 

from that calculated values, the voltage at gate (of MOSFET), Vg, must also be considered because it will 

directly affect the drain voltage, Vd, as the Vd is three times larger than Vg. So, the minimum input for Vg 

needs to be lower enough to ensure the resonant tank is in good operation condition. In the meantime, the DC 

power supply has been used to power up the class E inverter. 

For the resonant tank, some important components such as series inductor (Lo), series capacitor 

(Co), and shunt capacitor (Cs) need to be calculated. The theoretical calculation for these components is 

adapted from [19]. Hence, the load resistance, R can be determined by using (1). 
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𝑅 = 𝑅𝑠 =
8𝑉𝑑𝑐

2

(𝜋2+4)𝑃𝑜
= 0.5768

𝑉𝑑𝑐
2

𝑃𝑜
 (1) 

 

Then, by assuming quality factor, QL = 10, the sinusoidal waveform of the current will go through the 

resonant circuit. using (2), (3), and (4), the value of Cs, Lo, and Co are calculated as, 
 

𝐿𝑜 =
𝑄𝐿𝑅

𝜔
 (2) 

 

𝐶𝑜 =
8

𝜋(𝜋2+4)𝜔𝑅
 (3) 

 

𝐶𝑠 =
1

𝜔𝑅[𝑄𝐿−
𝜋(𝜋2−4)

16
]
 (4) 

 

Furthermore, the choke inductor, Lc is assumed to be high enough so that the AC ripple on the full-

load dc supply input current, II can be negligible. Thus, the value of Lc must be greater than the value 

obtained in (5). 
 

𝐿𝑐 = 2 (
𝜋2

4
+ 1)

𝑅

𝑓
 (5) 

 

Based on (1) to (5), the obtained components values are given in Table 2. Then, the simulation of class E 

circuit is built in MATLAB/SIMULINK as shown in Figure 2. For this simulation design, the value of series 

capacitor and shunt capacitor have to be tuned in order to get the output voltage value that is almost similar to 

the theoretical value in order to obtain the perfect ZVS condition. This is to ensure the switching losses is 

zero theoretically as highlighted in (19). Once the simulation results are good (see the results in section 3), 

then, the experimental work is carried out. The circuit is shown in Figure 3.  
 

 

 
 

Figure 1. Basic structure of class E inverter 
 

 

Table 1. Specification for class E inverter 
Parameters Value 

Frequency, f 1 MHz 
Duty cycle, D 0.5 
Input Voltage, VD 12 V 

Quality factor 10 

Output power 24.5 W 
 

Table 2. Theoretical values for class E inverter 
Parameters  Symbol Value Unit 

Choke inductor Lc 23.51 μH 

Series capacitor Co 5.3016 nF 

Series inductor Lo 5.3956 μH 

Shunt capacitor Cs 8.6193 nF 
 

 

 

 
 

Figure 2. Class E inverter circuit built in MATLAB/Simulink 
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Figure 3. Fabricated class E inverter circuit 
 

 

2.2.  Impedance matching circuit 

IPT system utilizes inductor coils to transfer power wirelessly from transmitter to load. These coils 

create the induced currents and increases the volt-ampere (VA) rating from the power source, when high 

operating frequency is generated through the coils. The impedance matching circuit is normally added in the 

circuit to provide maximum power transfer between the source and its load. The impedance matching circuit 

is added before the resistive load and according to [19], they are four types of impedance matching circuit 

which are series-series, series-parallel, parallel-series, and parallel-parallel as shown in Figure 4 [20]. Series-

series impedance matching network has been chosen here due to its ability to increase the current and 

therefore the output power can be enhanced. This is true as the solution allows the resonant frequency to 

operate at the frequency between f01 shown in (6) and f02 shown in (7) in order to absorb maximum power 

received and improve efficiency of the system [21], [22].  

The value of series capacitor used for impedance matching network is calculated using (9) by 

applying receiver coil inductor value and operating frequency to the equation. The experimental work for 

impedance matching and rectifier circuit has been constructed on polychlorinated biphenyl (PCB) as shown 

in Figure 5. 

 

𝑓01 =
1

2𝜋√𝐿𝐶
 (6) 

 

𝑓02 =
1

2𝜋√𝐿𝐶𝑒𝑞
 (7) 

 

𝐶𝑒𝑞 =
𝐶×𝐶1

𝐶+𝐶1
 (8) 

 

𝑓𝑟 =
1

2𝜋√𝐿𝐶
 (9) 

 

 

  
(a) (b) 

 

  

(c) (d) 

 

Figure 4. Types of impedance matching network to improve the efficiency of IPT system:  

(a) series-series (SS), (b) series-parallel (SP), (c) parallel-peries (PS), and (d) parallel-parallel (PP).  

Circuit in (a) is used in this work 
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Figure 5. Receiver part for the prototype 

 

 

3. RESULTS AND DISCUSSION  

In this part, the results and data obtained for this work are presented and explained in details.  

 

3.1.  Class E inverter and impedance matching circuit 

Table 3 shows the comparison between the simulation and experimental values of the class E 

inverter with impedance matching circuit. The difference is mainly due to the availability of the practical 

components values in market. To note here as well that the inductor at the resonant tank (used in the 

simulation) is replaced with a transmitting coil (for experiment purpose). According to the simulation result 

shown in Table 3, the voltage across drain to source, Vds at off state is 42.54 V. Hence, MOSFET IRF250 is 

chosen for class E inverter circuit as a switching device, because of its ability to perform fast switching and 

able to handle such voltage. Due to the capacitance values for the shunt capacitor and series capacitor that 

were used in the simulation are not available practically, hence, two different values of capacitor are 

combined to obtain the nearest value for experimental work. 

 

 

Table 3. Result comparison between simulation and experimental value 
Parameters Simulation Value Practical value Unit Difference (%) 

R 3.50 5.00 Ω 30.00 

Lc 30.00 45.00 µH 33.33 
C1 9.30 9.40 nF 1.06 

L 5.50 11.50 µH 52.17 

C 5.30 2.29 nF 56.79 
IDC 1.99 2.03 A 1.97 

Vds (peak, off) 42.54 36.00 V 15.37 

Vgs 5.00 5.00 V 0.00 
Vo, m(peak) 12.35 12.71 V 2.83 

Vo, rms 16.65 17.13 V 2.80 

Io, m(peak) 3.70 3.60 A 0.81 
Io, rms 2.37 2.59 A 8.49 

Pi 23.88 24.36 W 1.97 

Po 22.84 22.87 W 1.31 
Ƞ 95.67 93.91 % 1.83 

 

 

The simulation result for class E converter circuit is shown in Figure 6. We can see that the ZVS 

condition is well achieved in this work. When the voltage at the Vg drops to zero, the voltage at Vd is 

achieving the value of 42.51 V which means there is a flow of voltage while the MOFSET is in off state. 

In comparison to the theoretical value which is 42.74 V, the simulation result is 0.47% lower than 

the calculated value. When the switch voltage has reached maximum value and dropped to negative with the 

time interval, the MOSFET is switched on. During ON-state, the voltage across drain to source in simulation 

result is 0.3894 V.  
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Therefore, to reduce the switching losses during the on-state, a lower value of on-state resistance, 

rds, MOSFET must be considered in the design. The power absorbed by the MOSFET is directly proportional 

to the rds, and switching current. So, when the rds decreases, the on-voltage is also reduced. At the same time, 

the power absorbed by the MOSFET is reduced and the output power of the class E inverter is improved. At 

the early stage of the work, MOSFET IRF512 was chosen to construct the class E inverter, because it is 

cheaper and less bulky compare to IRF250. However, MOSFET IRF512 has a higher value of on-resistance 

value which is 0.8 Ω compare to IRF250 which is only 0.085 Ω. IRF512 has reduced the theoretical value of 

efficiency for class E inverter from 99.99% to 76.26%. 

 

 

  
 

Figure 6. ZVS simulation result 

 

 

The simulated result of output current and output voltage as shown in Figure 7 and Figure 8, 

respectively. The output voltage for class E inverter is AC voltage and simulated result was firstly obtained in 

root mean square value. Then, the peak value for output voltage is calculated using (10) and the value is 

12.35 V, which is 2.83% differs from the calculated one. 

 

𝑉𝑟𝑚𝑠 = 0.707 × 𝑉𝑚𝑎𝑥 (10) 

 

 

 
 

Figure 7. Output current for simulation Figure 8. Output voltage for simulation 

 

 

The simulated input power is calculated by 𝑃𝐼 = 𝐼𝑑𝑐 × 𝑉𝐼  which gives 23.88 W and the output power 

is calculated by 𝑃𝑜 =  𝑉𝑟𝑚𝑠 × 𝐼𝑟𝑚𝑠 which gives 22.84 W. Efficiency of simulated result for the class E 

inverter is calculated by Ƞ =
𝑃𝑂

𝑃𝐼
× 100% and yield 95.67% efficient. Figure 9 shows the ZVS waveform in 

the experimental work. When the MOSFET is in on-state, the Vgs is represented as rectangular waveform 

with the value of 5 V and each decade in y-axis from the graph equal to 2 V. At the off-state, the Vds is 

represented as sinusoidal waveform and the value is 36 V with each decade of the y-axis in the graph equal to 

5 V. For this class E inverter circuit, the obtained peak voltage, Vo,m is 12.71 V. The difference between the 

theoretical value and practical value is 2.83%. Next, the output current result is also obtained and shown in 

Figure 10. The output current is obtained in AC waveform as the inductor needs an AC current to induce 

electromagnetic field for power transmission. The theoretical output current is 2.7% lower than the calculated 

value. Input power and output power are the essential parameters to obtain the efficiency of the designed 

system. The experimental input power and output power for class E inverter is Pi=24.36 and Po=22.87. 

Convert into the efficiency, the class E inverter reached up to 93.91%. The power losses is mainly due to the 

fast switching operation which generated heat at MOSFET. On the other hand, the internal resistance from 

each of the components such as RLC series circuit, C1 and Ls are also contributed to the power losses. 
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Figure 9. ZVS practical result 

 

Figure 10. Output current practical result 
 

 
 

3.2.  Analysis on distance and misalignment variations between transmitter and receiver coil 

This part intends to study on the maximum distance between transmitter (charging platform) and the 

receiver (UAV power supply). This is important to ensure the perfect design can be made at both transmitter 

and receiver to obtain the highest efficiency of the power transmission. The distance between transmitter coil 

and receiver coil has been varied as shown in Figure 11. The transmitter coil is placed under the table which 

act as charging tower for UAV wireless charging system and the receiving coil is placed under the box which 

carried by the UAV and connected with the rectifier circuit and DC voltage is supplied to the battery charger 

as shown in Figure 12. 
 
 

 
 

Figure 11. Distance analysis between receiver and transmitter coil 
 

 

 
 

Figure 12. Completed prototype for UAV wireless 
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Table 4 shows the result at each distance separation from 3 cm (the thickness of the table) to 8cm. 

According to the experimental result, the highest efficiency is 93.91% (when the Tx coil and Rx coil are at 

nearest distance with each other). However, the lowest efficiency which is 8.65% is when the Tx coil and Rx 

coil is apart with each other for 8 cm. From the experiment, the charger was failed to power up the UAV 

when the Tx coil and Rx coil is more than 6 cm apart. 
 

 

Table 4. Analysis of efficiency on the distance 
Distance (cm) Voltage (V) Current (A) Po Pi Efficiency, Ƞ (%) 

3 12.71 3.60 22.87 24.36 93.91 

4 12.05 3.11 18.74 24.36 76.92 

5 11.7 2.64 15.44 24.36 63.40 
6 11 1.17 6.44 24.36 26.42 

7 8.6 0.96 4.13 24.36 16.95 

8 6.8 0.62 2.11 24.36 8.65 

 

 

The mutual coefficient depends on the mutual flux between the Tx coil and Rx coil. Thus, the 

matching condition can be found easily, by adjusting the position of the loop to modify the input impedance. 

Without matching, the efficiency of the system decreases rapidly as the misaligned distance increases [23]-[25].  

Next, we focus on the efficiency results when the Tx coil and Rx coil is misaligned with each other 

and the experimental result is recorded in Table 5. The result was recorded when the Rx coil is moved 

horizontally away from the Tx coil in every 2 cm as shown in Figure 13. The efficiency reached at 93.91% 

when the Tx coil and Rx coil is almost perfectly aligned with each other. However, the lowest efficiency is 

18.47% with the misaligned distance of 10 cm. At 10 cm distance, the Rx coil almost away from the range of 

Tx coil. Therefore, the Rx coil is not able to resonate at the operating frequency. 

Figure 14 shows the ZVS graph of the Rx coil that is 10 cm away from the Tx coil. The input 

impedance is varied along with the coupling coefficient between the Tx coil and Rx coil. Through this ZVS 

result, it is obvious that the efficiency will drop significantly once the misalignment occurs. 
 

 

Table 5. Analysis of efficiency on misalignment 
Distance (cm) Voltage (V) Current (A) Po Pi Efficiency, Ƞ (%) 

0 12.71 3.67 23.32 24.36 95.74 
2 12.03 3.27 19.67 24.36 80.74 

4 11.65 3.16 18.41 24.36 75.56 

6 11.03 2.58 14.23 24.36 58.41 
8 10.5 1.93 10.13 24.36 41.59 

10 7.2 1.25 4.50 24.36 18.47 

 

 

 
 

  

Figure 13. Concept of misalignment analysis Figure 14. ZVS graph when the TX and Rx coil is 

misaligned 
 

 

3. CONCLUSION 

In a nutshell, the overall proposed design of IPT system for the UAV charging system is able to 

transmit 23.32 W of power to the UAV at rectifier circuit by using impedance matching circuit and 18.41 W 
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power without impedance matching network. Thus, the proposed impedance matching network was 

successfully produced higher maximum transferrable power. The efficiency of the developed system at 

aligned condition and at 3 cm distance is 93.91%.  

Despite of the success of transmitting the power to the UAV system at a good efficiency, our 

proposed solution suffers from the efficiency drops when the distance between transmitter and receiver 

changes. This is also true when the misalignment occurs. Therefore, the future work lies in proposing the 

control mechanism to stabilize the output power despite variations in the distance or alignment of transmitter 

and receiver. 
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