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Abstract

range.

With the development of unmanned aerial vehicle (UAV), it has been used in many fields, such as aerial
photography, military, and transportation. However, it is a challenge for charging due to its short battery life.
Wireless charging has been considered as a good UAV solution. In this paper, we proposed a wireless power
transmission system (WPT) through inductive coupling and analyzed the power efficiency of the inductive coupling.
The WPT included a charging station, which can provide energy through an induction coil array, and a portable
energy receiving device mounted on the base of the UAV. Moreover, the power efficiency was analyzed though
the equivalent circuit of WPT and the mathematical model of the power efficiency was established. The results
showed that the WPT can transfer energy to UAV with high power efficiency within a 30 mm lateral displacement
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1 Introduction

In recent years, the performance of unmanned aerial ve-
hicle (UAV) is gradually optimized. Its application is ex-
panded from military to civil use [1, 2], scientific
research, and other fields [3—-5]. UAV can be equipped
with many payloads, such as cameras, sensors, position-
ing systems [6—8]. These loads are often powered by
high energy density lithium batteries, which can only last
for 20-40 min [9-11]. The lithium battery limits the
length of UAV possible running length [12—15]. It is ne-
cessary for UAV continuously conduct inspections and
detection under working condition [16—18]. Therefore,
it is important to elongate the running time of UAV
[19]. Three potential methods are proposed to increase
the flight time of UAV. The first method is to build up a
new type battery with higher UAV capacity [20], but this
method will cause unexpected high body weight of
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UAV. It will indirectly reduce the loading efficiency [21—
23]. The second method is to set up a base station, and
the UAV can exchange battery automatically in the base
station. This method can solve the problem of endur-
ance of UAV [24]. However, this proposal is not prac-
tical because of its high cost and the complexity of the
algorithm. The third known method is to build a char-
ging pile on UAV that can recharge the UAV directly.
There are two ways to charge UAV: (1) build direct
contact between the charging pile and UAV to charge
UAYV directly. Although the transmission efficiency of
this direct contact pile model is high [25], the unpredict-
able serious environmental factors will destabilize the
entire system in the air. (2) Use wireless power transmis-
sion (WPT) technology with the coupling resonance be-
tween the coils to recharge UAV [26-28]. There are
several not ideal factors that need to be taken into con-
sideration. (A) The size of coupling device. (B) The ac-
tual load of UAV. (C) The energy safety. The most
important point is that WPT must consider the effi-
ciency of power transmission. The inaccurate landing of

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13638-020-01679-4&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:zhang_xiaobing123@126.com

Yan et al. EURASIP Journal on Wireless Communications and Networking

this system will lead to misaligned of coils, which will re-
duce the efficiency of WPT. There are many methods
are introduced to solve this problem. (A) Use automatic
alignment landing procedure, image processing technol-
ogy, and position technology to enhance the landing ac-
curacy of UAV [29-31]. (B) Move transmitting coils to
align with airborne receiving coils through both the in-
ternal mechanical structure of the charging pile and the
external sensor to improve the transmission efficiency
[32, 33]. The position and sensor detection of UAV is
often affected by various environmental factors, which
lowers the landing accuracy of UAV [34].

Those methods mentioned above cannot effectively
solve the problem of low efficiency caused by the mis-
alignment of the primary coil and the secondary coil.
Solving the problem of low charging efficiency due to
misaligned coupling coils is the main challenge for enab-
ling patrol drones to constantly check the workspace.
The major point is to find a way to increase the trans-
mission power efficiency when the coupling coil is misa-
ligned. In this research, a new type of coupling coil is
designed, which can improve the power and efficiency of
WPT even if the coupling device is offset.

The main contributions of this paper include:

1. The compensation circuits are analyzed in principle,
and then formulas for those compensation circuits
are derived. According to those derived formulas, a
Series-Series compensation circuit is selected. And
then, the inductance and capacitance value of this
compensation circuit is calculated.

2. This research builds a new type of coupling coil
array, and demonstrates its advantages by analyzing
data collected through experiments.

The rest of this paper is organized as follows. Section
2 discusses the overall scheme design of WPT system.
WPT system of UAV is designed and simulation results
of the system are given in Section 3. The hardware of
the system is designed in Section 4. Section 5 concludes
the paper with summary.

2 The proposed scheme

2.1 System model

The WPT system of UAV is mainly composed of trans-
mitter and receiver. The primary coil is arranged on the
charging pile, and the secondary coil is arranged on the
UAYV, and lithium battery is commonly used as energy
source to provide voltage UAV. The wireless charging
system is built to use coil to transmit energy to the bat-
tery. For the general UAV, its power system is generally
composed of three to six lithium batteries with capacity
between 3 and 10Ah, which can provide up to 11.1 V to
22.2 V. This type of lithium battery can be quickly fully
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charged in an hour. Coil coupling is an important par-
ameter, which can be improved by reducing air gap, to
improve the charging efficiency. The secondary coil that
set on the landing sled of UAV can reduce the vertical
air gap between the primary and secondary coil, to im-
prove the transmission efficiency. The secondary coil at
the receiver is designed as a small circular coil to facili-
tate the placement of the UAV above the sled. The pri-
mary coil of the transmitter is designed as an
independent coil array as shown in Fig. 1, and the pri-
mary coil is placed on the charging pile.

The independent coil array design of the primary coil
is essential, because it ensures enough coupling at all
landing positions. The working principle of the inde-
pendent coil array is that when the UAV lands, the Blue-
tooth sensor on the charging pile detects the Bluetooth
signal of the UAV, monitors whether the UAV has
landed on principle of the independent coil array is that
when the UAV lands, and then the controller opens the
charging area and the primary coil is coupled to the sec-
ondary coil, and finally the UAV is charged through the
primary coil.

In a typical WPT charging system, the voltage is ad-
justed before the charging link of the receiver. The volt-
age is adjusted at the transmitter region first to reduce
the body weight and occupied space of system. The
structure diagram of the whole WPT system is shown in
Fig. 2. The voltage at the transmitter is adjusted using a
direct current (DC)/DC converter before inverter, and
then converts DC to alternating current (AC) through
inverter, and then low frequency part of the AC is fil-
tered by a high-pass filter circuit, and the high frequency
AC is transmitted through the wireless coupling between
the coils. The receiver of the UAV receives energy

~

Fig. 1 Independent coil array
.
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Fig. 2 Structure diagram of WPT system

through resonance magnetic coupling. Then the voltage
of battery recovers through rectifying, filtering, and com-
pensating circuits. In this way, the UAV can work effi-
ciently and transmit medium range wireless power.

2.2 WPT equivalent circuit

WPT technology is a kind of near-field energy transfer
method, which transfers energy from power supply to
load through magnetic resonance coupling coil without
direct ground electrical contact. The loose coupling
transformer is composed of two coils to build the mag-
netic resonance coupling coil of WPT. Based on the
equivalent circuit theory, this paper models and analyzes
the WPT of magnetic coupling resonance, and optimizes
the charging distance, power, and efficiency parameters
of UAV. The equivalent circuit of the whole WPT sys-
tem is shown in Fig. 3. There are coil self-inductance L;
and L, between the coupling coils, mutual inductance
M, and coil self-resistance R; and R,. Self-inductance,
mutual inductance, and self-resistance cause the loss of
the whole system. In order to reduce the AC loss caused
by skin effect and proximity effect, the coupling coil
shall be wound by copper stranded wire. The coupling
coefficient K of the coil is:

K——M 1

A capacitor compensation network is added to the
transmitter and receiver to obtain continuously reson-
ance and improve the power transmission performance
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of the system. As shown in Fig. 3, this circuit is a typical
topology with Series-Series (S-S) compensation. At the
transmitter, a full bridge inverter composed of four
MOSFETs (Q1, Q2, Q3, Q4) is used to convert the DC
voltage into the AC voltage V1. At the receiver, the
high-frequency voltage V2 transmitted through the
coupler is first rectified by a full bridge rectifier com-
posed of D1, D2, D3, and D4. The output voltage after
rectification is filtered by a low-pass filter composed of
L3 and C3, and finally charges the battery.

To facilitate the calculation and extraction of lumped
parameters, the circuit is simplified, as shown in Fig. 4.
In the figure, Ry is the resistance of the power supply, R;
is the load resistance, R;, R, represent the internal resist-
ance of each coil, L;, L, represent the equivalent induct-
ance of the coil, C;, C, represent the compensation
capacitance of the circuit, and M represents the mutual
inductance between the primary and secondary coils.

In Fig. 4, the self-impedance of the main circuit is
expressed as Zij, the expression is Z;; = Rg+ Ry + j(wL;
- 1/wCy), the self-impedance of the secondary circuit is
expressed asZy;, and the expression is Zy, =Ry + Ry +
J(wLy - 1/wCy,). The voltage equation of main circuit and
secondary circuit can be written as follows:

{Il(le—jwM) + (Il—lz)J&)M =Us (2)
[2(Zz2—jwM) + (12—11)jwM =0

From Eq. (2), the current equations of the main circuit
and the secondary circuit can be deduced as follows:

Zypls
L=—722%
{ 211222 + (COM) (3)
; joMU
) =—"""">5
211222 —+ (wM)2

It can be seen from the expression of the secondary
circuit current in formula (3) that the induced electro-
motive force is related to the angular frequency w and
the mutual inductance coefficient M of the coil. Only
when the imaginary part of the current expression of the
secondary circuit is zero, the circuit is in resonance state,
the current of the secondary circuit reaches the max-
imum value, and the load obtains the maximum power.

Fig. 3 Circuit of WPT charging system with series-series (S-S) compensation
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The receiving power of the load and the transmission
efficiency of the system can be expressed by the follow-
ing formula:

oMU
Pp=DR = (4)
211222 + (CL)M)
P M2R
7= L % 100% = © L 3
PIN 222 (211222 + (Q)M) )
x 100%
o COMZRL (5)
Ry R

As shown in Eq. (5), increasing the resonant frequency
o or the mutual inductance coefficient M can improve
the transmission efficiency of the system. If only increas-
ing the resonant frequency will lead to the skin effect of
the conductor, resulting in higher energy loss and lower
efficiency, but only increasing the mutual inductance of
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the coupling coil will lead to the reduction of the effect-
ive transmission distance. Therefore, it is necessary to
introduce two other key parameters: quality factor Q
and coupling factor K to discuss the transfer
performance.

According to the circuit theory, the quality factors of
the coupling coil, Q; and Q,, are as follows:

COLl

Q = R, + Rs (6)
o (L)Lz
Q=p i m ™)

The expressions of power and efficiency can be ob-
tained by introducing formulas (1), (6), and (7) into Egs.
(4) and (5):

U%RL k2Q1Q2
(Ri + Ro)(Ro + Re) (1 + K Q, Q)

Py = (8)

g = Ry, KQ,Q,
Ry + R (1+k°QQ,)

©)

The MATLAB simulation software is used to simulate
the received power and transmission efficiency, and the
curves of receiving power and transmission efficiency
with respect to quality factor Q and coupling factor K
are obtained, as shown in Figs. 5 and 6.

As shown in Figs. 5 and 6, the transmission perform-
ance can be effectively improved only by making K, Qy,
and Q, achieve their maximum value in the resonant
magnetic coupling system with constant resonant fre-
quency. However, it is difficult to improve the system
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Fig. 5 Influence curve of quality factor and coupling factor on received power
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performance by increasing K, because the transmission
medium is basically air. The system performance can be
improved in another way. Instead of increasing the
coupling coefficient by increasing the quality factor of
the coil, the effective transmission distance is greatly im-
proved, while receiving efficiency and transmission effi-
ciency are improved. According to formula (6) and (7), it
can be seen that the quality factor is related to the work-
ing frequency w, the coil self-induction L, and the coil
internal resistance R, and it does not change with other
parameters such as the relative position between the
coupling coils. Therefore, this paper focuses on the de-
sign of high-quality factor coil and the solution of coil
misalignment during UAV charging.

2.3 Selection of compensation circuit

Coupling coil is one of the key devices in wireless trans-
mission. In the coupling coil, the air gap between the
transmitting coil and the receiving coil is large. In gen-
eral, the coupling coefficient between the two coils is
not too large, so the efficiency of power transmission is
extremely low under the excitation of 50 Hz signal
source. In order to make the radio transmission effi-
ciency and power meet the requirements of use, capaci-
tors are added to the primary and secondary circuits for
compensation, and the inductance and capacitance
values of the primary and secondary circuits are adjusted
at the same time, so that the two circuits have the same
resonance frequency, to achieve efficient transmission.

Cl C2
UM L1 L2 RL
M
R1 R2

Series-Series resonant
compensation circuit

Cc2
UM L1 L2 RL
M
R1 R2

Parallel-Series resonant
compensation circuit

Fig. 7 Four basic resonant compensation circuits
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Table 1 Total impedance of four kinds of resonant
compensation circuits

Compensation circuit Input impedance

S-S (W= =) 4 M
J(wky mo) * AL )
S-P Jwly— L) 4 —
1 +- 7
e JObo+
P-S S
1
pa—r.IT +HwC
AL+
p-P 1

T
WM (14HjwC A, )+/wC1

Sy R e o,

At present, the resonant compensation circuit is
mainly divided into four types according to the connec-
tion mode of capacitor: Series-Series (S-S) resonant
compensation circuit, Series-Parallel (S-P) resonant
compensation circuit, Parallel-Series (P-S) resonant
compensation circuit, and Parallel-Parallel (P-P) reson-
ant compensation circuit. The resonance compensation
circuits are shown in Fig. 7.

Among the four structures, Uy, is the voltage source
in the charging system; Cj, L1, andR; are the compensa-
tion capacitance, coil self-induction, and internal resist-
ance in the primary circuit. C,, Ly, and R, are the
compensation capacitance, coil self-induction, and in-
ternal resistance in the secondary circuit, and R; is the
equivalent load of the system.

Firstly, the qualitative analysis of these four basic res-
onant compensation circuits is carried out. It is assumed
that the inductance and capacitance are connected in
series; when resonance occurs, the resistance of the
wires in the circuit and the equivalent resistance of the
resonance are very small. Therefore, the whole compen-
sation circuit can be regarded as a short circuit. The
current flowing through the coil will be very large, but
the voltage will not have a voltage drop, so the whole
circuit can be equivalent to a voltage source and a load
in series. It is assumed that the inductance and capaci-
tance are connected in parallel; when resonance occurs,
the impedance of the compensation circuit is infinite,
the current flowing through the coil will be very small,
and the current of the capacitance will cancel the

Table 2 Capacitance values of four compensation circuits

Compensation Capacitance of transmitting Capacitance of
circuit coil G receiving coil G,
R 1 1
55 WLy Wl
S-p W12 1
L -w L, wh
P-S W3 1
T Ys ] L
“’i{#ﬂuztf Wb
L
| M2 1
p-p - wLHrG 70
MRS
T’L+(M+mu)z

)
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Fig. 8 Structure diagram of asymmetrical coupling coil. a
Transmitting coil. b Receiving coil

inductance current, so the whole circuit can be equiva-
lent to a current source and load in parallel.

Then the quantitative analysis of the four basic reson-
ant compensation circuits is carried out. In order to sim-
plify the circuit model, the internal resistances of wires,
inductors and capacitors in the circuit are ignored, and
the ratio of turns of transmitting coil and receiving coil
are assumed to be 1:1.

After derivation of the formula, the total impedance of
the four basic resonant compensation circuits is shown
in Table 1.

In order to maximize the output power of wireless
charging system, the reactive power on inductance and
capacitance must be minimized. Therefore, it is neces-
sary to make the overall impedance of the compensation
circuit show pure resistance. According to the total im-
pedance in the above table and the assumed L; and L,,
when the system unit power factor is reached, the cap-
acitance value in the wireless charging system can be
calculated, as shown in Table 2.

From the formula of resonance capacitance, it can be
seen that when the load R; and M change, in order to
make the system reach the unit power factor, the reson-
ant compensation circuit is S-P resonant compensation
circuit, P-S resonant compensation circuit, and the P-P
resonant compensation circuit, and their capacitance
values need to be changed. Only when S-S resonant
compensation circuit is used, it will not change with the
change of load and coupling coefficient. Therefore, con-
sidering the actual wireless charging system, S-S reson-
ant compensation circuit is more suitable for UAV
wireless charging.

Table 3 Coil structure parameters

Section Transmitting coil Receiving coll
Turns/N 25 25

Internal diameter/mm 150,260 150

External diameter/mm 210,320 210
Inductance value/mH 14192 03723
Capacitance value/nF 17848 680.37
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Fig. 9 Magnetic field distribution of asymmetric coupling coil structure. a Magnetic field without equipotential line. b Magnetic field with

2.4 Design of coupling coil
The coupling mechanism mainly includes the transmit-
ting coil inside the charging pile and the receiving coil at
the bottom of the UAV, which is the core part of the
magnetic coupling resonance WPT system. According to
the investigation of UAV on the market, the weight of
UAV is generally 4-5 kg. Because of the requirement of
the total weight of UAV airborne equipment, the size of
receiving coil shall be as small as possible and the weight
should be as light as possible. Therefore, the plane spiral
coil is selected in this paper, which has the advantages of
small volume, easy winding, and assembly.

The design of coupling coil shall consider the follow-
ing capacities:

1. Because of the small size of the receiving coil, it is
difficult to realize the precise coupling between the
coupling coils when landing. Therefore, the size of
transmitting coil shall be as large as possible in

.
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Table 4 System parameters

Parameter Value
Receiving power 65.77 W
Transmission efficiency 62.44%
Working frequency 162 kHz
Coupling coil spacing 40 mm
Quality factor of transmitting coil 204.1
Quiality factor of receiving coil 1344

order to enlarge the rechargeable area relative to
the receiving coil.

2. Considering the accuracy of the GPS positioning
system of UAV, the coupling coil is difficult to
achieve accurate docking. Therefore, the coil array
can be used in the transmitter to greatly increase
the intensity and uniformity of the emission
magnetic field, to achieve better transmission
performance.

3. In order to improve the effective transmission
distance of WPT, the higher resonance frequency
coil shall be selected. The coil shall be tightly
wound with multiple strands of Leeds to reduce the
skin effect.

4. Considering the number of coil turns, it shall not
be too much. If the number of coil turns is too
much, the mutual inductance will be saturated, and
the volume of the coil will be too large.

In consideration of the above requirements, the trans-
mitting coil is designed as a plane concentrated coil
array composed of two concentric coils in series. The
inner diameters of the transmitting coil are 150 mm and
260 mm respectively, the outer diameters are 210 mm
and 320 mm respectively, and the number of coil turns
is 25. The inner diameter of the receiving coil is 150
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mm, and the outer diameter is 210 mm. The number of
coil turns is 25. The structure of asymmetrical coupling
coil is shown in Fig. 8.

2.5 Modeling of coupling coil

In the improved asymmetric coupling coil model, the
size of the transmitting coil is slightly larger than the
size of the receiving coil, and the array form is used to
improve the magnetic field uniformity and coil quality
factor.

In order to analyze the performance of the proposed
asymmetric coil structure, a three-dimensional simula-
tion model of the asymmetric coil structure is estab-
lished in ANSYS Maxwell, and the coil structure
parameters are shown in Table 3.

Take the transmission distance of 40 mm as an ex-
ample, the magnetic field distribution of asymmetric
coupling coil structure is shown in Fig. 9.

From Fig. 9, it can be concluded that as the distance
from the coil increases, the external magnetic field de-
cays rapidly, and the magnetic field symmetrically dis-
tributes in the center of the coil. In the improved coil
model, the magnetic field around the transmitting coil is
stronger and more uniform. And the magnetic field dis-
tribution in the center area of the transmitting coil is
more intensive. When the coupling coil axis has relative
displacement, the coil is more conducive to power
transmission.

The transient electric field solver in ANSYS Maxwell
is used to solve the inductance value of two coil struc-
tures at a specific working frequency. When the reson-
ance frequency is 162 KHz, this paper uses the transient
solver to calculate the corresponding compensation cap-
acitance. Then the ANSYS Simplorer software is used to
simulate the circuit. The circuit simulation diagram is
shown in Fig. 10.

Fig. 11 Asymmetrical coupling coil
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Fig. 12 System power transmission capability test

Compared with the traditional coil, the self-induction
value of the improved transmitting coil is significantly
increased, while the internal resistance is basically un-
changed, so the quality factor of the coil is greatly im-
proved. The receiving power varies with the coupling
coefficient and driving frequency, but the transmission
efficiency is always in a high transmission state. When
the receiving power of the system reaches the maximum,
the receiving power and transmission efficiency of the
whole charging system reaches the maximum. Therefore,
the WPT system transmits electric energy at the max-
imum receiving power point to improve the charging
speed of UAV.

Combined with the solution results of system im-
pedance parameters, this paper obtains the maximum
receiving power, the maximum transmission effi-
ciency, working frequency, coupling coil spacing, and
quality factor through calculation, as shown in Table
4.

In conclusion, the improved asymmetrical coupling
coil structure improves the quality factor of the coil, the
strength, and uniformity of the magnetic field around
the coil.
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3 Experimental results and analysis

In order to test the working performance of the asym-
metrical coupling coil, according to the above coil pa-
rameters, the coil is made of multi-strand Leeds wire
winding, as shown in Fig. 11. In this paper, the WPT
system is built with appropriate devices. Under the
working conditions of 48 V input voltage, 2 Q load re-
sistance, 162 kHz working frequency, and basic align-
ment of coils, the system is tested. The output power of
the system is 65.77 W, and the efficiency from DC input
side to load side is 62.44%. The DC input side and the
load side are detected by a power analyzer. In the mean-
while, the voltage and current values of the DC input
side and the load side are obtained, as shown in Fig. 12.
The experimental system can recognize wireless char-
ging of UAV.

In order to verify that 162 kHz is the optimal operat-
ing frequency of the coupling coil, we detect the power
of the wireless charging system at frequencies of 130
kHz, 140 kHz, 150 kHz, 160 kHz, 170 kHz, and 180
kHz, and obtains the power of the wireless charging sys-
tem at each frequency as shown in Fig. 13. From the fig-
ure, we can see that the power of the wireless charging
system decreases with increasing frequency, proving that
the higher the frequency, the smaller the power. Then,
the efficiency of the wireless charging system with fre-
quencies of 130 kHz, 140 kHz, 150 kHz, 160 kHz, 170
kHz, and 180 kHz is tested, and the efficiency of the
wireless charging system is obtained as shown in Fig. 14.
It can be seen from the figure that the efficiency of the
wireless charging system increases with increasing fre-
quency, which proves that the higher the frequency, the
greater the efficiency. We can see that with the increas-
ing of working frequency, the maximum output power
of the WPT system decreases and the efficiency of
power transmission increases. When the working fre-
quency of the system is 160 kHz, the maximum trans-
mission power of the system is about 65.77 W, and the
power transmission efficiency can reach about 62.44%.
But in the experiment, when the frequency is 162 kHz,

wer/W

130 140 150
Frequency/KHz

Fig. 13 The maximum output power of the wireless power transfer (WPT) system at different frequencies

160 170 180
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Fig. 14 The power transmission efficiency of the wireless power transfer (WPT) system at different frequencies

160 170 180

the charging performance of the system will be better
than 160 kHz.

The driving waveform of the transmitter inverter cir-
cuit is shown in Fig. 15. When driving MOS transistor,
the full bridge inverter must have a certain dead time;
otherwise, it will cause a direct short circuit.

The load resistance will continuously change during
the system charging process. Figure 16 is the test result
of the system output voltage changes with the load. It is
found that when the load resistance is changed, the out-
put voltage of the system is still constant, which verifies
the output characteristics of the constant voltage source
of the system. The internal resistance of the coil is ig-
nored during theoretical analysis which will lead to small
load resistance and highly different measured value and
theoretical value. In the early stage of charging, the
equivalent load resistance value is small and the propor-
tion of the internal resistance partial voltage of the coil
is large, which results in a low output voltage. As the
load resistance increases, the proportion of the internal
resistance partial voltage of the system become smaller

and smaller, and the measured values gradually approach
to theoretical values.

When the coupling device is misaligned, the difference
between the test and theoretical calculation results of
the output voltage is very small, as shown in Fig. 17. In
order to reduce the influence of the system internal re-
sistance on the test results, the test is selected when the
load is 20Q2. The theoretical value in the figure is ob-
tained by the simulation software. The results show that
the test results are almost the same as the theoretical
values, which proves that the established circuit model
can be used to guide system parameter design. When
the system is offset within the [- 40 mm, 40 mm)] range
of the X-axis and Y-axis, respectively, the system output
voltage is above 10 V. If the offset distance of the coup-
ling device exceeds 40 mm and the output voltage is
around 10 V, a slight fluctuation in the system may
cause the battery to fail to charge normally. The results
prove that the wireless charging system can perform
normal and stable charging when the offset between the
X-axis and the Y-axis is [- 30 mm, 30 mm].

DS0-X 20224, hMY52160710: Tue Dec 17 18:14:26 2013

3
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Fig. 15 Driving voltage waveform of MOS transistor
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Fig. 16 Test results of output voltage with load resistance changes
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The vertical distance between the primary coil and the
secondary coil is also an important factor affecting the
coupling coefficient in the WPT system. In other words,
the distance between the installation positions of the
coupling coils will directly affect the power transmission
of the WPT system. Therefore, this experiment tests the
transmission efficiency of the charging system at vertical
distances of 10 mm, 20 mm, 30 mm, 40 mm, and 50
mm, as shown in Fig. 18.

From Fig. 18, the following conclusions can be
drawn. In the offset range of 40 mm, when the verti-
cal distance exceeds 40 mm, the transmission effi-
ciency of the system is significantly lower than other
charging efficiency, and the transmission efficiency
decreases when the offset distance increases. When

the vertical distance is less than 40 mm, the transmis-
sion efficiency of the system will not be affected by
the change of the offset distance, and will remain at a
fixed value. If the vertical distance between the char-
ging coils is 20 mm, the error of vertical distance is
allowed to be 20 mm in practice, which improves the
stability of WPT system. Based on the above analysis,
the vertical distance between the charging coils is fi-
nally determined to be 20 mm.

In the WPT system, the maximum input power is
about 105.33 W. The maximum output power can reach
about 65.77 W. The maximum charge current is about
4.557 A. The power transmission efficiency of the system
is about 62.44%, which meets the charging demand of
UAV.
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Fig. 17 System output voltage variation diagram at offset. a X-axis offset. b Y-axis offset
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Fig. 18 The transmission efficiency of the WPT system at different vertical distances

4 Conclusion

In order to solve the problem of short endurance of the
current lithium battery-powered UAV, a magnetic coup-
ling resonance wireless charging system is designed in
this paper. The wireless charging system mainly includes
the transmitter inverter circuit, the coupling device, and
the receiver rectifier circuit. According to the circuit
model, the expressions of the receiving power and the
transmission efficiency are derived to guide the param-
eter design of WPT system. Using ANSYS Maxwell to
analyze the magnetic field of the coupling coil, we can
know that the coupling coil can effectively restrain the
magnetic field within 30 mm around the transmitting
coil. The experimental results show that the self-
inductance of the coupling coil changes little when it is
offset, which proves that the system can solve the prob-
lem of low charging efficiency caused by the coil mis-
alignment when the UAV lands. The system has the
characteristics of constant voltage output, and the model
established is correct.
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