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Abstract

We develop a wireless, contact free power transfer mechanism that is safer than the direct metallic contact and robust 

to imperfect alignment on landing at the base station. A magnetic field is created using inductors on both the transmitting 

and receiving sides. We use the inductive wireless recharging to increase autonomy and decrease the sensor interference by 

reducing the inductor loop size. By locating four independent small receiver loops and corresponding four circuits around 

the quadrotor UAV, we can increase safety from circuit malfunctions in comparison to the use of just one loop. On the base 

station, four folding robotic bars are used to realign the receiver loops over the transmitter loops. After adequate recharging as 

measured by battery voltages or power consumption at the bae station, the UAV sends a signal to the base station to open the 

robotic bars and takes off once freed from the robotic bars.
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1. Introduction

Small unmanned aerial vehicles (UAV) promise significant 

performance and safety improvements to routine tasks such as 

inspection, surveillance, and policing, but limited fuel constrains 

the extent and autonomy of these tasks at present. Most small 

UAVs use batteries for their energy source which lasts only half 

an hour at most and solving this energy issue is a challenging 

problem. Developing next generational battery technologies 

which guarantee much higher energy density and working voltage 

range might solve the UAV energy issue, but this is not that simple 

task. Most major battery manufacturing companies around the 

world still stick to Li-Ion batteries for small applications due to 

the cost-effectiveness. They are trying to enhance Li-Ion battery 

functionalities by adding various different chemical additives, 

but most trials ended up with failures since battery characteristics 

including low price, long life, high energy density, and safe 

operation are a zero-sum game [1].

To solve this problem, people turned their attentions to 

quick, frequent, and simple energy recharging methods 

and numerous energy scavenging methods for the UAV are 

reviewed including photonic (solar), kinetic-flow (wind), 

thermal, electromagnetic, and autophagous structure [2]. As 

of today, most small scale UAVs use electrical energy as power 

source and batteries are the major problem for UAVs to travel 

long distances since at least half of the energy in the battery 

must be saved to travel back to the launch site for recharging 

which is again time-consuming. In general, there are two 

methods to provide a fully charged battery to a UAV; recharging 

or replacing on site. The concept of replacing the battery was 

previously performed [3-6], but this method, in general, is not 

preferred since the battery replacing mechanism would have to 

be different in each case depending on the type of UAV or the 

UAV should carry bulky hardware which shortens flight time.

In addition to the final choice of the recharging method, 

the actual method of how to recharge the battery is a big issue 

as well. Due to safety concerns, metal contacts to the UAV [7, 

8] might be a bad choice depending on weather conditions 
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(rain or snow). Also, it assumed that UAVs can land exactly 

on the ground station with the help of a Vicon camera system 

which gives the exact position data of both the UAV and the 

ground station, but we should acknowledge that the Vicon 

camera system cannot be used outside and instead GPS 

sensors should be used by taking into account some intrinsic 

position errors. In this case, wireless power transfer is more 

appropriate since it is safer and manageable for misaligned 

landing and one possible method to transfer power to the 

UAV is using the inductive wireless power transfer. This 

method can be established without any direct contact 

between the ground station and the UAV. The inductive 

energy transmission was firstly introduced in the literature 

for the cell phone battery charging system which was also 

called as contactless electrical energy transmission (CEET) 

[9]. Since it can transfer energy as long as receiver loops and 

transmitter loops are located within a certain boundary, so 

we have a higher freedom of maneuvering the UAV to land 

on the right spot. In addition, although one big inductive 

loop can be attached to the UAV by encircling it, such a 

loop around the UAV may interfere with other electronic 

components of the UAV due to the appearance of heavy 

magnetic fields. Using several small induction loops around 

the UAV can solve the problem instead.

In general, there are three wireless recharging methods; 

laser powering, radio frequency (RF) powering, and inductive 

couple powering. Laser powering method was invented half 

a century ago by William C. Brown [10, 11] and has been 

recently applied to real life thanks to powerful, efficient and 

inexpensive laser diodes. However, it has a serious problem 

regarding safety of human eyes even though extensive 

researches and experiments have been conducted [12-14]. RF 

powering method has a wider range of working area but it is 

very inefficient in the close distance compared to inductive 

coupling since the ground station needs a more sophisticated 

design due to federal communications commission (FCC) 

regulation. The regulation states that the RF range of frequency 

must be within the enclosed area for safety concerns. In that 

sense, the inductive coupling method has more advantages for 

UAV autonomous operations the reason being that it is simpler, 

cheaper, and an efficient way to recharge batteries on UAVs.

All the listed replacing or recharging battery methods in the 

above require the UAV to precisely land on near the ground 

station. To accomplish this objective, M. Mahoor and et al. 

developed a vision guided autonomous landing mechanism 

for the UAV using an intelligent self-leveling and nodal 

docking system (ISLANDS) which is able to communicate 

attitude information with the unmanned ground vehicle 

(UGV) so that the UAV can decent on the landing platform 

at a desired orientation and speed [15]. K. Mullens and et al. 

developed an UGV which has integrated subfunction systems 

including a launch fixture having 10 cm of high relative 

accuracy to the UAV, vision-based positioning system using 

infrared (IR) beacons, and miniature stereo vision system for 

the vision-based target tracking capability to ensure accurate 

repeatable landings with low position error [16]. T. Danko 

and et al. used optic flow sensors and an ultrasonic sensor 

for the UAV landing process to avoid drifting from wind gusts 

and to achieve accurate perching during landing process, 

particularly in degraded environments [17]. In contrast to 

the listed methods which use an unmanned ground station 

(UGS) or an UGV for replacing or recharging, J. Moore and 

R. Tedrake developed a powerline perchable fixed-wing 

UAV by referencing the magnetic fields around powerlines 

measured by magnetometers integrated with INS in which 

none of UGV or UGS is required [18].

In addition, to deal with a case when multiple UAVs are 

involved for missions rather than just one UAV as assumed 

in all works in the above, M. Valenti and et al. worked on the 

health management system for UAV swarming operations 

using MIT RAVEN to estimate remaining flight time and 

to determine the right time for recharging UAVs using the 

metallic contact recharging method which can be easily 

replaced with the wireless charging method [19].

In this paper, expanded version of the previous authors’ 

paper [20], we contribute to design an autonomous wireless 

charging capable UGS containing four pairs of inductive 

receiver and transmitter loops for demonstrating the 

inductive wireless power transfer. The UGS contains two PIR 

motion sensors and four pressure sensors for detecting the 

quadrotor type UAV landing, four marks around the center 

and one mark at the center to attract the mark detectable 

UAV containing one front and one bottom vision cameras, 

and four positioning bars to relocate the misaligned UAV 

to the center for ensuring aligned receiver and transmitter 

magnetic loops resulting increased charging efficiency.

The flow of this paper is as follows. Section 2 explains the 

design of the wireless charging system using the inductors. 

Section 3 describes the auto-landing system design for the 

UAV and section 4 explains the design of the UGS. Section 5 

shows total system efficiency. Section 6 shows the simulation 

results and Section 7 shows the experimental results. Section 

8 contains the conclusion of this paper and future works.

2. Transmitter and Receiver Loop Design

Most of the time, researchers use a single pair of transmitter 

and receiver inductors for wireless power transfer for UAVs 

[21, 22]. However, using several small loops instead can 
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ensure safe wireless power transfer with four independent 

power receiving circuits from the circuit malfunction. 

Beside, these smaller loops create less interference with 

other sensors on board by distributing magnetic fields.

The inductive coupling system (Fig. 1) consists of two main 

parts; transmitter part and receiver part. Transmitter part 

contains a power source, an oscillator, a power amplifier, and 

an inductor and receiver part contains an inductor, a rectifier, 

a voltage regulator or a limiter, a battery adapter, and a battery 

on the UAV. On the transmitter part, a DC power source from 

walls is converted into an AC signal using an oscillator where 

power from a wall charger can be replaced by wind turbines 

and/or solar panels. After that, AC signal is amplified by the 

power amplifier to increase power and the AC signal is applied 

to the transmitter inductor. On the receiver part, the receiver 

inductor which is the same size as the transmitter inductor 

takes currents from the transmitter part and converts back to 

DC with a Villiard voltage doubler. Since the rectified voltage 

is too high, a Zener diode is used to reduce the input voltage. 

Here, the Zener diode is used to reduce power consumption 

rate compared to the voltage regulator.

Inductive coupling loses most of its energy to the air during 

wireless power transfer process, so efficiency decreases 

significantly as distance between transmitter and receiver 

loops increases. Therefore it is essential to closely place two 

inductors and to have an ideal alignment to achieve the 

highest efficiency.

Transmitter and receiver loop designs shown in the 

following sections are devised with the following constraints; 

4 pairs of transmitter and receiver loops should be used; 

a LiPo battery has properties of 1000 mAh, 11.1 V, and the 

maximum charging rate of 1 A; radius of each loop is 4 cm; 

number of turns of each loop is 6; total weight of loops should 

be less than 250 g. Most of design constraints are set due to 

system constrains of the AR.Drone quadrotor [23].

2.1 Inductance

Attaching inductor loops around most small size UAVs 

is constrained due to limited allowable space and weight 

load. Loop radius is predetermined as 4 cm to satisfy space 

allowance around the UAV. The number of turns of the 

receiver loop is set to be 6 as an additional design constraint. 

With the given conditions, the inductance, L, can be 

calculated as [22], 
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However, simulation using ANSYS HFSS shows that inductance changes as frequency increases 

(Fig. 2(a)) and the inductance when frequency is 12 MHz is about 5 µH. 12 MHz is selected for safety 

assurance from possible sparkling since sparkling minimizes at high frequencies. In contrast to the 

inductance values from theoretical (Eq. (2)) and simulation (Fig. 2(a)) results, 6.6 µH is measured by 

experiments. The difference comes from PVC covers around wires which block wireless power 
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2.2 Mutual Inductance

Mutual inductance, M, determines how much 

electromagnetic field is created by the primary loop. The 

transmitter loop produces an electromagnetic field that 
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(a) Wireless charging system diagram.

(b) Circuit diagrams of transmitter and receiver inductors.

(c) Transmitter and receiver.

Fig. 1. Inductors for the transmitter and receiver.
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current. If the mutual inductance becomes large, then the 

coupling coefficient becomes large as well. This results 

in higher efficiency between loops. Mutual inductance is 

defined as [25],

transfer.

2.2 Mutual Inductance

Mutual inductance, M, determines how much electromagnetic field is created by the primary loop. 

The transmitter loop produces an electromagnetic field that inducts current flows to the receiver loop 

with alternating current. If the mutual inductance becomes large, then the coupling coefficient 

becomes large as well. This results in higher efficiency between loops. Mutual inductance is defined 

as [25],

0 1 2 ,µ= N N AM
l                      

(3)

where 𝑁𝑁𝑁𝑁1 is a number of turns in loop 1, 𝑁𝑁𝑁𝑁2 is a number of turns in loop 2, A is a cross sectional 

area (𝑚𝑚𝑚𝑚2), and l is a total loop length or width (m). Mutual inductance is affected greatly by the 

vertical distance between loops (Fig. 2(b)). Since mutual inductance drastically drops after about 1 cm

distance, 1 cm gap is used as the maximum gap between two loops (transmitter loop on the UGS and 

receiver loop on the UAV).

2.3 Transmitter Loop

An AC signal generator is required to make AC from DC for the inductor. To make an AC signal, a 

crystal oscillator is chosen. The IRF510 MOSFET ($0.96 [26]) is selected for the power amplifier 

since commercial power amplifiers are too expensive. To achieve a current close to 1 A, about 30 V

with 1 A is required to the IRF510 MOSFET. It is better to use the IRF510 MOSFET rather than the 

IRFZ44 since the IRF510 MOSFET operates at even lower temperature. A heat sink is attached to the 

MOSFET to ensure a working temperature.

2.4 Receiver Loop

An AC signal needs to be converted back to a DC signal to charge the battery and a Villiard voltage 

doubler which is composed with 1N4148 is used to rectify the AC to DC. Then, a Zener diode 
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The receiver loop is designed to be identical to the 

transmitter loop due to space and weight load limit of 

the UAV. We plotted voltage graphs with varying vertical 

distances (Fig. 2(c)) and horizontal distances (Fig. 2(d)) with 

20 measurements to see the effect of neighbor transmitter 

loops as a receiver loop horizontally moves. Results show 

that receiving voltage drops drastically when vertical 

distance is 2.5 cm and horizontal distance is 2 cm. The slight 

increase at the horizontal distance of 8 cm happens when the 

boundary of receiver loop is directly above the boundary of 

transmitter loop. 

Also, since the loops are horizontally aligned with 24 cm 

distance (Fig. 3(a)), we need to study power transfer rate 

at the middle point. At 12 cm of horizontal distance, 0 V is 

measured and it demonstrates that none of the loops are 

electromagnetically overlapped.
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(a) Frequency and inductance.           (b) Vertical distance and mutual inductance.

(c) Vertical distance and voltage.             (d) Horizontal distance and voltage.

Fig. 2. Graphs of frequency vs inductance, vertical distance vs mutual inductance, vertical distance vs 
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Fig. 2. Graphs of frequency vs inductance, vertical distance vs mutual inductance, vertical distance vs voltage, and horizontal distance vs. voltage.

(a) Frequency and inductance.             

(c) Vertical distance and voltage.             

(b) Vertical distance and mutual inductance.

 (d) Horizontal distance and voltage.
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2.5 Loop Efficiency

When 27.62 V and 0.957 A (26.43 W) is supplied to the 

transmitter side, 176 V with 0.02 A (3.52 W) is detected on the 

receiver side with a resistance of 50 Ω. So, the loop efficiency 

can be determined by comparing the input power to the output 

power; primary to secondary loop has 13.32 % efficiency; total 

system has 7.85 % (system efficiency 7.85 % is measured with a 

50 Ω resistor after the rectifier and voltage limiter).

The main reason for the efficiency drop is due to weakly 

coupled inductors. The majority of energy loss within the 

designed circuit takes place between transmitter and receiver 

loops and this problem can be complemented by putting a 

ferromagnetic core in the transmitter side to increase the 

magnetic field through the air and UGS acrylic cover.

Heat generated from the IRF510 also contributes to major 

energy loss within circuits. That is, since the 0.29 W/oC is 

rated as a linear derating factor of the IRF510, 6.91 W applied 

to the IRF510 MOSFET on each transmitter loop increases 

temperature as much as (6.91 W)/(0.29 W/oC)=23.83 oC 

which is 4.23 oC higher than the room temperature of 19.6 oC 

and it causes the major heat energy loss.

3. UAV Auto-landing Design

3.1 Position Controller Design

On reaching the destination, the UAV flies to the UGS 

based on the compensated GPS sensor signals with the 

concept of weighted centroid localization (WCL) until the 

UAV locates itself within predefined range around the UGS 

[27, 28]. The horizontal position accuracy is one of main 

concerns of this paper since large horizontal alignment error 

would cause low wireless recharging efficiency. To achieve 

precise landing to align four receiver loops on the transmitter 

loops, methods like WCL are necessary.

Once the UAV locates itself within the certain range, 

it slowly approaches to the center of UGS and then uses a 

bottom camera to detect marks attached on the UGS for 

some fine tuning. Here, a visual aid to a perfect landing is 

essential for a low priced UAV which has low thrust and 

             

                                                              (a) UAV hovering above UGS.                                                  (b) Detected mark in UAV camera view.  

             

(c) Flow chart of UAV control.

Fig. 3. UAV autonomous operation.
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so carry high-tech heavy equipment. Furthermore, image 

processing technologies has been surprisingly grownup and 

it made a low-priced camera to outperform several times 

more expensive equipment like lidar, radar, and so forth.

When landing marks are detected, the UAV stops and 

hovers it using simple PID controllers [29] to minimize the 

distance between the center of bottom camera image frame 

and the center of detected mark. The distance between the 

UAV and UGS (L2 in Fig. 3(a)) can be calculated using L2=(l2 

L1)/l1 where l1 is an image length of the side of the square 

mark, l2 is an image length from the image center to UGS 

center, and L1 is a real length of the side of the square mark. 

Then, l2 can be represented as,
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When 𝐿𝐿𝐿𝐿2 becomes less than or equal to a specific threshold, it means the UAV is hovering right 

above the center of UGS. To filter out any possible image processing error, the mark needs to stay 

detected for a certain number of iterations. If not, the detected mark is declared as an error and the 

automatic landing algorithm restarts (Fig. 3(c)).
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made a low-priced camera to outperform several times more expensive equipment like lidar, radar,

and so forth.

When landing marks are detected, the UAV stops and hovers it using simple PID controllers [29] to 

minimize the distance between the center of bottom camera image frame and the center of detected 

mark. The distance between the UAV and UGS (𝐿𝐿𝐿𝐿2 in Fig. 3(a)) can be calculated using 𝐿𝐿𝐿𝐿2 =

(𝑙𝑙𝑙𝑙2𝐿𝐿𝐿𝐿1) 𝑙𝑙𝑙𝑙1⁄ where 𝑙𝑙𝑙𝑙1 is an image length of the side of the square mark, 𝑙𝑙𝑙𝑙2 is an image length from the 

image center to UGS center, and 𝐿𝐿𝐿𝐿1 is a real length of the side of the square mark. Then, 𝑙𝑙𝑙𝑙2 can be 

represented as,
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where 𝐼𝐼𝐼𝐼𝑥𝑥𝑥𝑥 is a width of image frame, 𝐼𝐼𝐼𝐼𝑦𝑦𝑦𝑦 is a height of image frame, and 𝑐𝑐𝑐𝑐𝑖𝑖𝑖𝑖 is the position coordinate 

of each corner of the mark (Fig. 3(b)). So, the real distance between the UAV and UGS becomes
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When 𝐿𝐿𝐿𝐿2 becomes less than or equal to a specific threshold, it means the UAV is hovering right 

above the center of UGS. To filter out any possible image processing error, the mark needs to stay 

detected for a certain number of iterations. If not, the detected mark is declared as an error and the 

automatic landing algorithm restarts (Fig. 3(c)).
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When L2 becomes less than or equal to a specific threshold, 

it means the UAV is hovering right above the center of UGS. 

To filter out any possible image processing error, the mark 

needs to stay detected for a certain number of iterations. 

If not, the detected mark is declared as an error and the 

automatic landing algorithm restarts (Fig. 3(c)).

3.2 Attitude Controller Design

While the position controller maneuvers the UAV to the 

center of UGS, the attitude controller needs to align inductors 

between receiver loops and transmitter loops. Since 3-axis 

magnetometers are used in both the UAV and UGS, we know 

both the UAV yaw angle (μUAV) and the UGS yaw angle (ψUGS). 

So, the amount of rotation for the UAV (|ψr |) and the direction 

of rotation (∠ψr) can be determined as

(a) UAV hovering above UGS. (b) Detected mark in UAV camera view. 

(c) Flow chart of UAV control.

Fig. 3. UAV autonomous operation.

3.2 Attitude Controller Design

While the position controller maneuvers the UAV to the center of UGS, the attitude controller needs 

to align inductors between receiver loops and transmitter loops. Since 3-axis magnetometers are used 

in both the UAV and UGS, we know both the UAV yaw angle (𝜇𝜇𝜇𝜇𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) and the UGS yaw angle (𝜓𝜓𝜓𝜓𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈). 
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When the position error (epos) and the yaw angle error 

(eyaw) become less than a certain threshold, the UAV starts to 

descent and lands on the UGS.

4. UGS System Design

MediaTek MT3329 GPS sensor is used to send the location 

of UGS to the UAV, but this sensor has a horizontal position 

accuracy, RCEP, as low as 3 m circular error probable (CEP) 

(50 %). To compensate this, three GPS sensors are used to 

increase position accuracy by locating at Lbar distance (2 m) 

away from the center of UGS (Fig. 4) with the concept of WCL,

When the position error (𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) and the yaw angle error (𝑒𝑒𝑒𝑒𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) become less than a certain threshold, 

the UAV starts to descent and lands on the UGS.

4. UGS System Design

MediaTek MT3329 GPS sensor is used to send the location of UGS to the UAV, but this sensor has 

a horizontal position accuracy, 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, as low as 3 m circular error probable (CEP) (50 %). To 

compensate this, three GPS sensors are used to increase position accuracy by locating at 𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

distance (2 m) away from the center of UGS (Fig. 4) with the concept of WCL,
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where 𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖 is the ith GPS data, m is the total number of GPS sensors, n is the total number of data 

collected at one position, 𝑅𝑅𝑅𝑅𝑧𝑧𝑧𝑧(𝜃𝜃𝜃𝜃) is the rotation matrix where 𝜃𝜃𝜃𝜃 can be calculated as 𝜃𝜃𝜃𝜃 = 2𝜋𝜋𝜋𝜋 𝑚𝑚𝑚𝑚⁄ ,

𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘 is the weight of ith GPS sensor at data sample k where k can be calculated as 𝑘𝑘𝑘𝑘 = 1 �𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘�
𝑔𝑔𝑔𝑔⁄ ,

𝑑𝑑𝑑𝑑𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘 is the distance between a center of enough number of data to the kth data of ith GPS sensor, and g

is a degree.
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where Pi is the ith GPS data, m is the total number of 

GPS sensors, n is the total number of data collected at 

one position, Rz(θ) is the rotation matrix where θ can be 

calculated as θ=2π/m, wi,k is the weight of ith GPS sensor at 

data sample k where k can be calculated as k=1/(di,k)g (kg), 

di,k is the distance between a center of enough number of 

data to the kth data of ith GPS sensor (m), and g is a degree.

In addition, past q number of GPS data are used to improve 

the current GPS data and this method is named as receding 

horizon collection (RHC). The RHC is described as,

Fig. 4. UGS with multiple GPS sensors.

In addition, past q number of GPS data are used to improve the current GPS data and this method is 

named as receding horizon collection (RHC). The RHC is described as,
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where q is the number of past GPS data considered for RHC and n is an integer greater than or equal 

with q. If all equations are combined, 𝑃𝑃𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 becomes
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Even if the UAV comes near the UGS using its own and UGS GPS data, the UAV is not able to 

precisely land on UGS due to inherent GPS sensor errors. Therefore, the UAV should have a method 

to detect the exact location of the UGS and land on it without any collisions. One solution for this 

problem is to use marks as indications of the UGS (an example is using the NyARToolkit [30]).

With the help of the NyARTookit algorithm, black square marks on the UGS can be detected 

visually and position coordinates of four corners of the square mark can be obtained which are used to 

guide the UAV. Once the UAV detects the mark, it lands on the UGS. The landing of UAV can be 

detected using two different type of sensors. Two passive infrared (PIR) motion sensors and four force 

sensitive resistor (FSR) sensors are placed on the UGS to detect the landing of the UAV. The FSR 

sensor can sense weights in the range of 100 g to 10 kg.

For smooth movements of the UAV and UGS robotic bars, PololuTM ball casters are used at UAV 

legs and UGS robotic bars. To choose appropriate type of servo motors, we need to consider stall 

torques of servo motors and friction forces of ball casters attached on the UAV and UGS bars. 

Commercial servo motors which are widely used with Arduino microcontroller have a feature of stall 

torque with an unit of 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚. With this stall torque (𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝), stall force (𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝), and a robotic bar length 

( 𝑙𝑙𝑙𝑙𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 ), we can represent stall torque as 𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝 = 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔 where g is the gravitational acceleration 

(9.807 𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠2⁄ ) and x is the servo torque (𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚). Then, the stall force applying at the end of the 
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Fig. 4. UGS with multiple GPS sensors.
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where q is the number of past GPS data considered for 

RHC and n is an integer greater than or equal with q. If all 

equations are combined, PUGS becomes

Fig. 4. UGS with multiple GPS sensors.
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Even if the UAV comes near the UGS using its own and UGS GPS data, the UAV is not able to 

precisely land on UGS due to inherent GPS sensor errors. Therefore, the UAV should have a method 

to detect the exact location of the UGS and land on it without any collisions. One solution for this 

problem is to use marks as indications of the UGS (an example is using the NyARToolkit [30]).

With the help of the NyARTookit algorithm, black square marks on the UGS can be detected 

visually and position coordinates of four corners of the square mark can be obtained which are used to 

guide the UAV. Once the UAV detects the mark, it lands on the UGS. The landing of UAV can be 

detected using two different type of sensors. Two passive infrared (PIR) motion sensors and four force 

sensitive resistor (FSR) sensors are placed on the UGS to detect the landing of the UAV. The FSR 

sensor can sense weights in the range of 100 g to 10 kg.

For smooth movements of the UAV and UGS robotic bars, PololuTM ball casters are used at UAV 

legs and UGS robotic bars. To choose appropriate type of servo motors, we need to consider stall 

torques of servo motors and friction forces of ball casters attached on the UAV and UGS bars. 

Commercial servo motors which are widely used with Arduino microcontroller have a feature of stall 
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Even if the UAV comes near the UGS using its own and UGS 

GPS data, the UAV is not able to precisely land on UGS due to 

inherent GPS sensor errors. Therefore, the UAV should have 

a method to detect the exact location of the UGS and land on 

it without any collisions. One solution for this problem is to 

use marks as indications of the UGS (an example is using the 

NyARToolkit [30]).

With the help of the NyARTookit algorithm, black square 

marks on the UGS can be detected visually and position 

coordinates of four corners of the square mark can be 

obtained which are used to guide the UAV. Once the UAV 

detects the mark, it lands on the UGS. The landing of UAV can 

be detected using two different type of sensors. Two passive 

infrared (PIR) motion sensors and four force sensitive 

resistor (FSR) sensors are placed on the UGS to detect the 

landing of the UAV. The FSR sensor can sense weights in the 

range of 100 (g) to 10 kg.

For smooth movements of the UAV and UGS robotic bars, 

PololuTM ball casters are used at UAV legs and UGS robotic 

bars. To choose appropriate type of servo motors, we need to 

consider stall torques of servo motors and friction forces of ball 

casters attached on the UAV and UGS bars. Commercial servo 

motors which are widely used with Arduino microcontroller 

have a feature of stall torque with an unit of kg∙cm. With this Fig. 5. Calculation of required torque for a robotic bar.

     

                                                       (a) Initial position of the UGS                                                          (b) Final position of the UGS    

     

(c) Flow chart of UGS control

Fig. 6. UGS autonomous operation.
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stall torque (Ts), stall force (Fs), and a robotic bar length (lbar), we 

can represent stall torque as Ts=gx where g is the gravitational 

acceleration (9.807 m/s2) and x is the servo torque (kg∙cm). 

Then, the stall force applying at the end of the robotic bar (Fig. 

5) can be calculated as Ts=lbar Fs=gx and it brings Fs=gx/lbar.

The total robotic bar length is used since the maximum 

torque occurs at the end of robotic bar. To move the UAV, we 

should satisfy Fs>Ff, so

robotic bar (Fig. 5) can be calculated as 𝑇𝑇𝑇𝑇𝑝𝑝𝑝𝑝 = 𝑙𝑙𝑙𝑙𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝 = 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔 and it brings 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝 = 𝑘𝑘𝑘𝑘𝑔𝑔𝑔𝑔 𝑙𝑙𝑙𝑙𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦⁄ .

Fig. 5. Calculation of required torque for a robotic bar.

The total robotic bar length is used since the maximum torque occurs at the end of robotic bar. To 

move the UAV, we should satisfy 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝 > 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓, so

{ }, ,max cos .a> +f UAV f bar
bar

g x F F
l                  

(10)

With the frictions of ball casters 𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 and 𝜇𝜇𝜇𝜇𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈, we can derive

{ }max cos .µ a µ> +UAV UAVbar bar barx l m m                 (11)

By assuming that 𝜇𝜇𝜇𝜇 = 𝜇𝜇𝜇𝜇𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝜇𝜇𝜇𝜇𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 and the fact that the maximum friction occurs when 𝛼𝛼𝛼𝛼 is 

zero, the above equation becomes

{ }.µ> +UAVbar barx l m m
             

(12)

By substituting the measured data (𝑙𝑙𝑙𝑙𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 0.61 𝑚𝑚𝑚𝑚, 𝜇𝜇𝜇𝜇 = 0.5, 𝑚𝑚𝑚𝑚𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 0.536 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, and 𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 =

0.025 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘), Eq. (12) becomes 𝑔𝑔𝑔𝑔 > 0.1711 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ 𝑚𝑚𝑚𝑚. Therefore, we need to choose servo motors which 

has larger than 17.11 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘 ∙ 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 output torque. The UGS operation is shown in Fig. 6.

(a) Initial position of the UGS.   (b) Final position of the UGS.     
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With the frictions of ball casters μbar and μUAV, we can derive
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Fig. 5. Calculation of required torque for a robotic bar.

The total robotic bar length is used since the maximum torque occurs at the end of robotic bar. To 

move the UAV, we should satisfy 𝐹𝐹𝐹𝐹𝑝𝑝𝑝𝑝 > 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓, so
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By substituting the measured data (lbar=0.61 m, μ=0.5, 

mUAV=0.536 kg, and mbar=0.025 kg), Eq. (12) becomes x>0.1711 

kg∙m. Therefore, we need to choose servo motors which has 

larger than 17.11 kg∙cm output torque. The UGS operation is 

shown in Fig. 6.

5. Total System Efficiency

The Friis transmission equation [31] explains transmitting 

energy in the UGS and receiving energy in the UAV have a 

relationship of

(13)

where ER is the energy received in the UAV, ET,i is the energy 

transmitted from the ith transmitter loop attached on the 

UGS, α is an overall efficiency degradation rate caused 

from other than transmitter and receiver loops, GT and GR 

are the transmitting and receiving gains, λ is the microwave 

wavelength (m) [32], c is the speed of light (3E8 m/s), f is the 

frequency of the single-tone signal (Hz), R is the vertical 

distance between transmitter and receiver (m), n is the 

total number of transmitter or receiver loops, β is an energy 

transfer coefficient between the transmitter loop and the 

receiver loop, li is a distance between Ti and Ri (m), Ti is the 

location of the ith transmitter loop, Ri is the location of the ith 

receiver loop, h is the center of rotation, and θh is the amount 

of rotation (deg) (Fig. 7(a)). The h exists since the polygon 
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wireless recharging efficiency, large values of transmitting 

and receiving gains and low value of vertical distance 

between transmitter and receiver loops according to the Eq. 

(13). Here, transmitting and receiving gains represent the 

effective area of transmitting and receiving antennas.

Transmitted energies from each transmitter loop are all 

equal, so we can simplify Eq. (13) as
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Since the inherent energy transfer efficiency between a transmitter and a receiver loop, 
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𝛼𝛼𝛼𝛼𝐺𝐺𝐺𝐺𝑇𝑇𝑇𝑇𝐺𝐺𝐺𝐺𝑅𝑅𝑅𝑅𝜆𝜆𝜆𝜆2 (4𝜋𝜋𝜋𝜋𝑅𝑅𝑅𝑅)2⁄ , is 0.0785 (from Section 2.4), a governing equation for the 𝛽𝛽𝛽𝛽 can be found by 

considering one pair of loops (𝑛𝑛𝑛𝑛 = 1), applied voltage (𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇 = 17.89 𝑉𝑉𝑉𝑉), received voltage (Fig. 2(d)), 

and electrical power equation P = 𝑉𝑉𝑉𝑉2 𝑅𝑅𝑅𝑅⁄ as
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and 𝛽𝛽𝛽𝛽 can be plotted with changing horizontal distance (𝑙𝑙𝑙𝑙𝑖𝑖𝑖𝑖 = {0 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚, 0.5 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚,⋯ , 3 𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚}) (Fig. 7(b)).

             

(a) Misalignment between the UAV and UGS.           (b) Experiment results to calculate 𝛽𝛽𝛽𝛽.

Fig. 7. Misalignment and corresponding 𝛽𝛽𝛽𝛽 value change.
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Since the inherent energy transfer efficiency between 

a transmitter and a receiver loop, GTGRλ2/(4πR)2, is 0.1332 

and the inherent energy transfer efficiency of total system, 

αGTGRλ2/(4πR)2, is 0.0785 (from Section 2.4), a governing 

equation for the β can be found by considering one pair of 

loops (n=1), applied voltage (VT=17.89 V), received voltage 

(Fig. 2(d)), and electrical power equation P=V2/R as

         

                                               (a) Misalignment between the UAV and UGS.                                     (b) Experiment results to calculate β.

Fig. 7. Misalignment and corresponding β value change.
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values of transmitting and receiving gains and low value of vertical distance between transmitter and 

receiver loops according to the Eq. (13). Here, transmitting and receiving gains represent the effective 

area of transmitting and receiving antennas.
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and β can be plotted with changing horizontal distance (li={0 

cm, 0.5 cm, ...,3 cm}) (Fig. 7(b)).

Since the governing equation of β can be expressed with 

a linear equation as βi=0.1899li-0.0982, Eq. (15) can be 

rewritten for the application of four pairs of transmitter and 

receiver loops (n=4) as

0.0982, Eq. (15) can be rewritten for the application of four pairs of transmitter and receiver loops 

(𝑛𝑛𝑛𝑛 = 4) as
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6. Simulation Results

Auto-landing simulation of quadrotor UAV, AR.Drone, is performed in MATLAB/Simulink 

environment by inserting identical system properties. In the same way, system properties of the GCS 

are utilized to create virtual GCS in the simulation. UAV is controlled by simple PD controller. In Fig. 

8, circles with three RGB colors represent pure GPS data collected by UGS painted with yellow color. 

UAV takes off at [0, 0, 0] and flies to UGS located at [5, 5, 1.1]. Distance change between UAV and 

UGS is shown in Fig. 9. For the detailed descriptions on the simulation process, please refer [33, 34].

(a) Isometric view.            (b) XY plane view.             (c) YZ plane view.

Fig. 8. Auto-landing simulation results.

17 

(17)

6. Simulation Results

Auto-landing simulation of quadrotor UAV, AR.Drone, is 

performed in MATLAB/Simulink environment by inserting 

identical system properties. In the same way, system 

properties of the GCS are utilized to create virtual GCS in 

the simulation. UAV is controlled by simple PD controller. 

In Fig. 8, circles with three RGB colors represent pure GPS 

data collected by UGS painted with yellow color. UAV takes 

off at [0,0,0] and flies to UGS located at [5,5,1.1]. Distance 

change between UAV and UGS is shown in Fig. 9. For the 

detailed descriptions on the simulation process, please 

refer [33, 34].

7. Experimental Results

An AR.Drone [23] designed by Parrot SA company (Fig. 

10(b)) is used for experiments by integrating an ArduPilot 

Mega 2.0 (APM) microcontroller onto the AR.Drone. The 

AR.Drone is controlled by Processing software of the UGS 

(Fig. 10(a)) using Wi-Fi (b, g, n) signals and APM can perform 

two-way communication by Arduino software of the UGS 

using 2.4 GHz radio signals (Fig. 10(c)).

AR.Drone system includes an AR.Drone, a MB1200 

XL-MaxSonar-EZ0 ultrasonic range finder, a set of XBee 

telemetry kit, an AnyVolt Micro Universal DC-DC converter, 

and an ArduPilot Mega 2.0 microcontroller module which 

includes a MediaTek MT3329 GPS, a 6-axis accelerometer/

gyro, a 3-axis magnetometer, and an ultrasonic altimeter. In 

addition, AR.Drone itself contains a 6-axis accelerometer/

gyro, a 3-axis magnetometer, an ultrasonic altimeter, and 

two cameras (640×480 pixels VGA).

Using redundant sensor data from one pair of 

accelerometers, gyros, and ultrasound sensors is intended to 

achieve increased data accuracy from data fusion and safe 

data acquisition from data loss.

Autonomous recharging operation (Fig. 11) is performed 

with an assumption that the AR.Drone already arrived 

near the UGS. Once automatic landing algorithm starts, 

the AR.Drone takes off (Step 1) and begins surveillance 

operation to detect marks attached on the UGS by flying in 

a spiral pattern maintaining a pre-defined altitude (Step 

2). Two different types of marks (a 

(c) Communication setup.

Fig. 10. Experiment setup.

Autonomous recharging operation (Fig. 11) is performed with an assumption that the AR.Drone 

already arrived near the UGS. Once automatic landing algorithm starts, the AR.Drone takes off (Step 

1) and begins surveillance operation to detect marks attached on the UGS by flying in a spiral pattern 

maintaining a pre-defined altitude (Step 2). Two different types of marks (a ⋏ mark at four corners 

and a Hiro mark at the center) are attached on the UGS for the AR.Drone to detect. Since using only 

one mark at the center does not guarantee for the AR.Drone to detect it due to the video data loss 

coming from unreliable Wi-Fi communication, four additional marks are introduced to increase the 

chance of detection. Once the AR.Drone detects one or more boundary marks (Setp 3-4), the 

AR.Drone tries to hover right above the boundary mark (Step 5) and searches for a center mark. After 

the center mark is detected (Step 6), the AR.Drone uses center coordinates of the image frame to let 

the AR.Drone precisely land on the UGS (Step 7). Once landed, four robotic bars on the UGS move to 

reposition the AR.Drone to the center (Step 8) and charging operation starts in a constant-current 

constant-voltage (CCCV) mode (Step 9). Once charging process is completed, four robotic bars 

retract (Step 10) and the AR.Drone leaves UGS.
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 mark at four corners 

and a Hiro mark at the center) are attached on the UGS 

for the AR.Drone to detect. Since using only one mark at 

Fig. 9. Distance change between UAV and UGS during auto-landing.

            

                         (a) Isometric view.                                                   (b) XY plane view.                                                                   (c) YZ plane view.

Fig. 8. Auto-landing simulation results.
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                                                    (a) UGS system control setup.                                (b) AR.Drone system setup (53 × 52 cm2 and 486 g).

(c) Communication setup.

Fig. 10. Experiment setup.

(a) Step 1.          (b) Step 2.            (c) Step 3.          (d) Step 4.

(e) Step 5.            (f) Step 6.           (g) Step 7.            (h) Step 8.

(i) Step 9.            (j) Step 10.

Fig. 11. Automatic charging operation processes.

With input voltage 27.62 V and current 0.957 A, CCCV mode charging operation starts when 

transmitters and receivers are close enough (red led lights on the AR.Drone charger are turned on) 

(Fig. 12(a)). However, when transmitters and receivers are placed beyond a certain distance, charging 

stops (Fig. 12(b)). To explain this phenomenon, magnetic fields around each transmitter and receiver 

are simulated (Fig. 12(c)). A video containing detailed explanation is available at https: 

//www.youtube. com/watch?v=wm-LfTnsnCs.

(a) Charging works given valid distance.   (b) Charging fails given beyond distance.

20 

Fig. 11. Automatic charging operation processes.

       (a) Step 1.                                  (b) Step 2.                               (c) Step 3.                         (d) Step 4.    

       (e) Step 5.                                  (f ) Step 6.                               (g) Step 7.                         (h) Step 8.    

       (i) Step 9.                                 (j) Step 10.  
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the center does not guarantee for the AR.Drone to detect 

it due to the video data loss coming from unreliable Wi-Fi 

communication, four additional marks are introduced to 

increase the chance of detection. Once the AR.Drone detects 

one or more boundary marks (Setp 3-4), the AR.Drone tries 

to hover right above the boundary mark (Step 5) and searches 

for a center mark. After the center mark is detected (Step 6), 

the AR.Drone uses center coordinates of the image frame to 

let the AR.Drone precisely land on the UGS (Step 7). Once 

landed, four robotic bars on the UGS move to reposition 

the AR.Drone to the center (Step 8) and charging operation 

starts in a constant-current constant-voltage (CCCV) mode 

(Step 9). Once charging process is completed, four robotic 

bars retract (Step 10) and the AR.Drone leaves UGS.

With input voltage 27.62 V and current 0.957 A, CCCV mode 

charging operation starts when transmitters and receivers 

are close enough (red led lights on the AR.Drone charger 

are turned on) (Fig. 12(a)). However, when transmitters and 

receivers are placed beyond a certain distance, charging stops 

(Fig. 12(b)). To explain this phenomenon, magnetic fields 

around each transmitter and receiver are simulated (Fig. 

12(c)). A video containing detailed explanation is available 

at https://www.youtube.com/watch?v=wm-LfTnsnCs.

8. Conclusion

In this paper, we designed an autonomous wireless charging 

ground station for the quadrotor type UAV, AR.Drone. Four 

transmitters send enough voltage and current to four receivers 

and a battery on AR.Drone is successfully charged with the 

total system efficiency of 7.85 %. In addition, automatic landing 

algorithms for AR.Drone also work fine using image detection 

algorithm to allow it to autonomously land on the UGS. In the 

future, improved operation will be tested outside using GPS 

sensors. AR.Drone will be placed some distance away from the 

UGS, then the UAV will autonomously fly to the UGS and land 

on it by considering wind effects as well. Wind turbine and/or a 

solar panel system will be integrated to operate outside without 

any wired power source. To increase system power transfer 

efficiency, circuits driven with additional MOSFETs will be 

integrated since heat loss will be linearly reduced up to a certain 

point as the number of MOSFETs increase. Also, low resistance 

inductors will be used to provide better power transfer efficiency.
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