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Light-Weight Unmanned Aerial Vehicle Wireless Power Transfer
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Abstract—Limited endurance has become a bottleneck restricting the wide application of unmanned
aerial vehicles (UAVs), and wireless power transfer (WPT) technology is expected to become an effective
means to help UAVs break this bottleneck. UAV has strict restrictions on the weight of onboard system,
so the lightweight design of the receiving side has become the core goal of UAV WPT systems design.
In order to achieve this goal, this paper first proposes a novel magnetic coupler based on hollow copper-
coated aluminum tubes, in which the receivers act as both landing gears and energy pick-up. The
coupling mechanism of the magnetic coupler is analyzed. Secondly, based on the LCC-S resonant
compensation network with a simple structure on the receiving-side, the system circuit is designed, and
the system transmission model is established. Finally, a UAV WPT prototype is built and tested. The
experimental results show that the transmission power of the designed system can reach 157 W, the
overall efficiency 80%, and each receiver (also acting as landing gear) weight only 22g. The weight
power density ratio is 3.568 W/g.

1. INTRODUCTION

With the development of automation technology, unmanned aerial vehicle (UAV) is becoming more and
more mature and has shown great prospects for applications in many fields such as patrol inspection,
rescue, and transportation [1-3]. However, the flight time of UAV is usually only about 30 minutes,
which seriously limits the further popularization and application of UAV.

As an emerging technology that can realize power transmission without the need for physical
contact, wireless power transfer (WPT) is safe and convenient. Therefore, it has been used in various
situations, such as wireless charging of electric vehicles [4, 5], underwater vehicles [6, 7], and automated
guided vehicles [8]. With such attractive features, WPT technology becomes a promising candidate to
help UAV break through the development dilemma.

In order to realize the wireless charging for UAVs, much research has been conducted. In [9], a
UAV WPT system with a disk coil to spiral coil magnetic structure is developed. The spiral coil on
the receiving side is installed on the UAV fuselage. The system can transmit the power of 10 W with
an efficiency of 93.6%. In [10], an air-core coil replaces the original propeller guard to realize 13 W
power transmission, with an efficiency of 60%. In [11], a 500 W UAV WPT system with an efficiency of
91.9% is reported, in which a disk-shaped receiving coil is placed at the bottom of the UAV fuselage.
References [12-14] use similar disk-to-disk magnetic structures to design UAV systems. Meanwhile,
[15-17] also put forward the idea of using metal tubes to realize the lightweight design of receivers. This
magnetic structure has been proved to be suitable for various power level applications. Unfortunately,
this disk-to-disk magnetic structure has been proved to produce great magnetic leakage which causes
system power loss [18], having a serious adverse impact on the safety of UAV.
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To reduce magnetic flux leakage, Park et al. [19] try to install the receiving coil at the bottom of
the landing gear, so as to reduce the height of the magnetic field operation space as much as possible
to ensure electromagnetic safety. Song et al. [20] design a three-phase tightly coupled WPT system for
UAV. This system can limit the magnetic field in a small space and basically has no electromagnetic
interference problem. However, both systems mentioned above need to use ferrite. Fragile ferrite is
easily broken during UAV landing [21].

For the purpose of improving coupling capacity and reducing interference due to leakage magnetic
flux, the authors have proposed an orthogonal magnetic structure for UAV WPT applications [22, 23],
which can be easily installed on the landing gear of UAV. With in-depth research, the authors realize
that the structure has room for improvement in lightweight design. If a structural element of UAV
can be used as the receiving coil instead of installing an extra receiver coil wound by litz wire, the
weight of the receiver can be effectively reduced. Based on this idea, this paper presents a novel high
power density coupling structure for UAV wireless charging. Compared with the previous work [16],
two landing gears made of hollow copper-coated aluminum tubes are really used as receiving coils, and
transmission power density is increased by orthogonal magnetic coupling structure. On the premise of
hardly increasing the additional load of the UAV, the wireless power transmission to the UAV is realized
with high weight power density.

The remainder of the article is arranged as follows. In Section 2, the novel magnetic structure is
presented. The circuit design and analysis are detailed in Section 3. Section 4 presents the construction
and test of experimental prototype. Finally, Section 5 briefly concludes this article.

2. THE NOVEL MAGNETIC COUPLER BASED ON HOLLOW COPPER COATED
ALUMINUM TUBES

2.1. Overall System Structure

The proposed magnetic coupler is shown in Fig. 1, and the whole system includes two identical parallel
channels. Channel 1 consists of Transmitter 1 and Receiver 1, and Channel 2 consists of Transmitter 2
and Receiver 2. Receiver 1 and Receiver 2 are the two landing gears of UAV. The magnetic structures
and parameters of the two channels are identical. It should be mentioned that the misalignment problem
of UAV can be solved by simple auxiliary mechanical alignment equipment, so the misalignment problem
will not be considered in this paper.

As shown in Fig. 2, the two transmitters are linked in series, so as to simplify the complexity
of driving circuit topology. Based on DC-input, inverter, and resonant compensation network, high-
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Figure 1. Installation and application diagram of the whole system.
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Figure 2. System circuit block diagram.

frequency excitation current is injected into the transmitters to generate alternating magnetic field above
the landing platform. The receivers generate induced voltage under the action of the above magnetic
field, which is delivered to the onboard battery for charging through compensation and rectifier.

2.2. Analysis of Coupling Principle

As shown in Fig. 3, each transmitter of the proposed magnetic coupler contains a bipolar coil with
a back ferrite core. The two sub-windings in each bipolar transmitting coil are connected in reverse
series to form a horizontal magnetic flux above the landing platform. As shown in Fig. 4, the horizontal
magnetic flux can form an effective coupling with the receiver placed close to the vertical. In addition,
the strong magnetic field area of the bipolar magnetic field is concentrated near the landing plane, which
will not cause magnetic leakage interference to the UAV. The operation height of the main magnetic
flux of the designed bipolar transmitter is 0.5 W. In order for the receiver to pick up the main magnetic
flux to the maximum, the height H of the receiving coil needs to be greater than 0.5 W. Of course, the
smaller the height of the receiving coil is, the lighter the weight is.

The receiving coil is made of hollow copper coated aluminum tubes as shown in Fig. 3. The
aluminum tube can not only ensure the light weight of the landing gears, but also ensure high mechanical
strength. In this way, there is no need to add additional coils to the UAV. Moreover, the aluminum

Figure 3. The transmitter and receiver of the proposed magnetic coupler.
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Figure 4. Magnetic field distribution.

landing gear is only 22g. The key advantages of the proposed scheme are its low weight and low
magnetic leakage interference.

The hollow copper-coated aluminum tube used by the receiver is shown in Fig. 5. The copper
plating on the outside of the aluminum tube plays a main conductive role under the skin effect. The
reason that copper plating is used instead of solid copper is the skin effect. This makes the most
efficient use of the high conductivity copper, thereby reducing the alternating current (AC) resistance
and reducing the weight of the receiver. The expression for the induced skin effect can be derived from
Maxwell’s equations, as shown in following equation

Ha(y) = g bt oy

1
Jo(y) = =YL vy W
27T(R3 +h+ w)

where y is the distance of electromagnetic field propagation from the surface of the tubular receiver to
the interior, H,(0) the initial magnetic field strength on the surface of the tubular receiver, J.(y) the
current density, ¢ the conductivity of the tubular receiver, € the permittivity of the tubular receiver,
I the induced current of the tubular receiver, h the thickness of copper layer, and w the thickness of
aluminum layer.

(&

Figure 5. The hollow copper-coated aluminum tube structure.
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The relationship between skin depth § and alternating magnetic field frequency f is given by

1
5= — (2)

where p is the magnetic permeability of the tubular receiver. For the receiver lightweight design, the
hollow copper-coated aluminum tube should have limited wall thickness. From the above equation, it
can be derived that the wall thickness of the tubular receiver should be designed to satisfy at least
46 totally. 98.2% of the induced current will be transferred to the load side. The transfer current
requirement and lightweight target are balanced well.

3. SYSTEM CIRCUIT DESIGN AND ANALYSIS

3.1. Circuit Topology

The developed UAV WPT system topology is shown in Fig. 6. The system is composed of voltage
source full-bridge inverter, primary-side inductance-capacitance-inductance and secondary-side series
compensation (LCC-S) compensation network, and full-bridge rectifier. Up¢ is the input DC voltage,
and L7 and Lp are the self-inductance of the transmitter and receiver, respectively. M is the mutual
inductance. Lj is the compensation inductance. C7, C5, and Cs are compensation capacitors. Ry is
the load resistance. U, is the system output DC voltage.
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Figure 6. UAV WPT system circuit.

3.2. System Modeling and Analysis

There is a large air gap in the magnetic coupler, resulting in leakage inductance of both transmitter and
receiver. In order to improve the transmission power and efficiency of the system, the compensation
network parameter is designed by circuit resonant state, that is, the parameters of compensation
elements should satisfy the following equation

1 1 1

w = = =
VLCy . 1 c VLRCy
< = w203> !

where w is the system operating angular frequency.

The secondary resonant compensation network is a good band-pass filter. The fundamental
harmonic of the output voltage of the inverter and the input voltage of the rectifier can be obtained by
using the fundamental mode analysis method, which can be expressed as

2V/2
—Unpc
T
2v/2
Uout = TUO

(3)

U =
(4)
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According to Kirchhoff’s Voltage Law (KVL), it can be obtained that the magnetizing current of
the transmitter is

1
jwC'
Ir = T Tkt 1 (5)
L / / whp+ ——+2Zp) —— + (jwlr + —— + Z
Jwln + 3 Cl ( T+ C " R) ijlJr(]w T+ch3+ R)
where Zg is the reﬂect10n reactance, which is
wM)?
Zp = — M) (6)
jwlL — 4+ R,
Jw R+w02 + q

where R, is the equivalent load resistance.
By substituting Equation (6) into Equation (5), the simplified magnetizing current model can be
obtained as

2/2 U
Ir = iﬂ (7)
T wlq
Pickup voltage of receiver will be
2v/2 M
UR = wMIT = i UDC (8)
T L4

Then, the system output voltage can be derived as

M
Uo = L_UDC (9)
1

4. EXPERIMENTAL VERIFICATION

4.1. Prototype Development

The developed UAV WPT prototype is depicted in Fig. 7, and the system parameters are listed in
Table 1. Each transmitter winding consists of 5 turns of 0.1 mm x 400 litz wire. The receiver is made

Figure 7. Experimental setup.
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Table 1.
Parameters | Value Parameters Value
Upc 150V L4 10 uH
f 200 kHz Ch 63 nkF
Ly 30.6 uH Cy 338 nF
Lp 1.87uH Cs 31nF
M 2.41 uH | Weight of each receiver | 22g
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of a hollow aluminum tube, having 1 mm thick walls and 0.2 mm copper plating. Each receiver has 1.75

turns.

4.2. Power Transmission Test

The power analyzer shown in Fig. 7 was used to obtain the input and output power of the UAV WPT
system. The parameters are shown in Fig. 8. The output power of the system is 157 W, and the DC-DC

efficiency is 80%.
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Figure 8. Power and efficiency test results.

Table 2. Performance comparison with previous works.

Weight
. Receiver power .
Frequency Efficiency Power . . Receiver
Reference (KH2) (%) (W) We(ngg)ht df;ltsil(‘zy material
(W/g)
[15] 300 30-90 70 78 0.897 Aluminum
tube
[16] 250 77-80 32.48 94 0.345 Copper-coated
aluminum tube
[17] 6780 70 100 Copper tube
This Copper-coated
Work 200 80 157 22 % 2 3.568 aluminum tube
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An overall comparison is made between the relevant performance parameters of this work and
previous works in the references, and the parameters are shown in Table 2.

The comparison of the parameters in Table 2 shows that the coupling magnetic field distribution
proposed in this paper has a high lightweight level with excellent weight power density ratio. This
coupling structure is suitable for UAV wireless charging applications with conforming transmission
power and efficiency.

5. CONCLUSION

In order to meet the future development needs of UAV’s independent power supply, a novel UAV WPT
system is proposed in this paper. Hollow copper-coated aluminum tubes are used to build the receivers,
which also act as the landing gear of the UAV. Additional coils do not need to be attached to the
UAV, thus reducing weight. The performance of the proposal is verified by a UAV WPT prototype.
The system can deliver 157 W to the onboard load with a DC-DC efficiency of 80%. The weight power
density ratio is 3.568 W/g. This coupling structure has high power density performance and achieves
light weight.
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