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Abstract: This paper presents the design and optimization of a wireless power transfer (WPT)
charging system based on magnetically coupled resonant technology, applied to an Unmanned Aerial
Vehicle (UAV). In this paper, a charging system, including dual active transmitter coils and a single
receiver coil, is proposed. The dual transmitting coils adopt a coaxial structure with different radii.
This structure simplifies the calculation of the complex mutual inductance between the coils to a
function of mutual inductance only related to the value of the radial misalignment. Aiming toward
a constant charging power, the optimal transmission efficiency of electric energy is achieved by
controlling the input voltages of the active coils, which are solved via a set of equations defined as
Lagrange multipliers. The simulation results of the 570 V and 85,000 Hz system verified the validity
of the proposed wireless UAV charging scheme.

Keywords: Lagrange multiplier; magnetically coupled resonant technology; power compensation;
radial misalignment

1. Introduction

UAVs undoubtedly have high research potential and application value, but the flight
time of UAVs restricts their development. This is because a high-energy density lithium
battery, which is adopted to the UAV, only permits a flight time of about 20-40 min [1].

Thus, researchers began to research the application of magnetically coupled resonant
technology to charge UAVs for solving this limitation [2-5]. This method creates a base
station where the batteries can be automatically charged after landing [3]. The proposed
magnetically coupled resonant system in [2] is mainly composed of two coils, namely,
a single transmitting coil and a single receiving coil. The power transmission efficiency
between the two coils is a function of the vertical distance between the two coils and the
power supply. When the two coils are coaxial, the power transmission efficiency of the
coil is the highest, and when the distance between the two coils is increased, the power
transmission efficiency decreases. In the practical charging process of UAVs, the coaxial
position of the receiving coil and the transmitting coil cannot be guaranteed, namely,
radial misalignment, which will lead to a reduction in output power and charging time
delay [6]. Therefore, it is necessary to research the power compensation problem of
misaligned charging.

Scholars have adopted various methods to solve this problem [7-18]. In [7-11],
a reconfigurable resonator and numerous transmission coil arrays with different struc-
tures have been used to improve transmission efficiency. A relatively complete mutual
inductance model for analyzing magnetically coupled resonant technology was established.
A planar transmitting resonator with an array of 2 x 2 using a single feeding loop was pre-
sented in [12]. This structure could maintain high transfer efficiency in a plane. However,
the power transfer efficiency function determined by this structure is still two-dimensional
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in essence. This leads to the need for complex control strategies to achieve the goal of
constant output power, which is not worth it in practical application. In [13], two circular
planar spiral coils were applied to both receive and transmit circuits of a WPT system.
The main disadvantage of this configuration is that it reduces the load capacity of the UAV.
In [14], an automatic landing procedure for UAV was proposed, which fundamentally
reduces the possibility of radial misalignment. A WPT charging system with a movable
transmitting coil was introduced in [15]. When the UAV lands, the mobile transmitting
coil can automatically align with the receiving coil. Of course, it requires a high-precision
positioning system. A lightweight wireless charging system was presented in [17]. This
design can improve the load capacity of UAVs without affecting the operation of various
equipment carried by UAVs. In [18], Noriaki Oodachi et al. have proposed a wireless
power transmission system to solve this problem by using phase weights of transmission
coil arrays. When the receiving coil is not coaxial with the transmitting coil, according to
the direction between the transmission coil and the receiving coil, the transmission coil of
the coil array is excited by the transmission circuit and the corresponding phase weight
to achieve the purpose of power compensation. However, this method also requires a
large number of coils, and the control algorithm and implementation are complex, which
increase the costs.

The system proposed in this paper is simple and effective. In order to compensate
the power reduction caused by radial misalignment, two coaxial active coils with different
radii are used as the transmitting coils, and the compensation is realized by controlling
the different input power of the two coils. When the output power of one transmitting
coil decreases due to radial misalignment, the other transmitting coil with different radii
that are still coaxial is applied to compensate the output power, so as to maximize the
transmission efficiency of the system, which satisfies the Lagrange multiplier. In addition,
by controlling the input voltage of the two active coils of the system, a power supply with
arbitrary output power can be designed. This design simplifies the efficiency function from
a function with two-dimensional variables to a function with only a radial variable, so
there is no need for a complex control algorithm, which makes it more practical.

2. Proposed Wireless Charging of UAV System

This paper presents the design of a UAV charging system with magnetically coupled
resonant technology, as shown in Figure 1. The transmitting coil uses double coaxial active
coils, with the receiving coil and transmitting coils coupled by air. The vertical distance
between the UAV and the charging pile is 10 cm. Both the double transmitting circuit
and the single receiving circuit adopt the topology of inductance and capacitor in series.
The whole system realizes power transmission through the full resonance of coil and capacitor.
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Figure 1. Proposed system for UAV charging.
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In order to research the specific internal strategy of the new charging pile, two mathe-
matical models, including the power model and mutual inductance model of the system,
are established according to the actual charging situation of the UAV, and the theoretical
analysis is carried out. The power model analyzes the relationship between the output
power of the system and the input voltage of the two active coils; the transmission effi-
ciency is found when the mutual inductance and output power are constant. The mutual
inductance model analyzes the relationship between the mutual inductance of the sys-
tem and the radial misalignment caused by the landing error when the UAV is charging,
and provides a scheme to compensate for the system’s output power reduction that is
simple and effective. A 570V, 85,000 Hz system is built in MATLAB/Simulink, and the
output power of the system is obtained. The transmission efficiency of the system can
reach 82%. At the same time, it is confirmed that the double transmitting coils have a
good compensation effect on the power reduction caused by the radial misalignment of the
system; the correctness of the control strategy is also verified.

2.1. Model of System Mutual Inductance and Radial Misalignment Distance

In most of the experimental studies, the transmitting coil and receiving coil are placed
in parallel, and their central axis position is the same. However, when the UAV actually
stops, it cannot be guaranteed that it will stop in the axial direction of the transmitting
coil. When the position of the coil deviates, the mutual inductance M will change. When
the system frequency is fixed and the coil resistance is constant, the change in mutual
inductance M is the most important factor affecting system performance. Therefore, when
the receiving coil has radial misalignment, the mutual inductance between the receiving coil
and the transmitting coil changes, which leads to a change in system power and efficiency.

Only the mutual inductance mode of the single transmitting and single receiving coils
is considered, as shown in Figure 2. The center of the transmitting coil is placed in the
coordinate system (0, 0, 0), and the center of the receiving coil is placed in the coordinate
system (0, t, h).
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Figure 2. One active to receiver charging mode.
The parameter equations of the transmitting and receiving coils are listed as follows:

X1 =11 X cosf
y1 =11 Xsin@ +r
21:h (1)
Xp = T2 X COS&
Yo =12 X sinw

Therefore:
dl; = (r1 X cos@ —rq x sin)do
dlp = (rp x cosa — rp x sina)da )
dly x dlp =1y X rpcos(0 — a)doda
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According to the Neumann formula, when the number of turns of the receiving coil is
Nj and the number of turns of the transmitting coil is N, the mutual inductance formula
between them is as follows:

M = X =

47t R 3)

Ny X Np dl; x dlp N1 X Nz // r1 X 1o COS — oc)dezx

In the above formula:

D= \/(rl X cosf — 1y X cosa)® + (ry X sinf +r —ry X sina)® + h2

Analysis of Equation (3) shows that the mutual inductance of the system decreases
with the increase in radial misalignment, and the output power decreases with the decrease
in mutual inductance. Therefore, it is necessary to compensate for the mutual induc-
tance reduction caused by the radial misalignment of the single transmitter and single
receiver system.

Considering double transmitting and single receiving coils, the two transmitting coils
are coaxial with different radii. With the increase in radial misalignment, the mutual
inductance between the two transmitting coils and the receiving coil changes accord-
ing to Equation (3). However, for the receiving coil, the total mutual inductance is the
sum of mutual inductance between the two transmitting coils and the receiving coil,
which compensates for the reduction in mutual inductance; Maxwell simulation verifies
this conclusion.

2.2. Model of Output Power and Input Voltage

We define the mutual inductance between coil 1 and coil 2 as M5, and define M3
and My in the same way. When the UAV lands on the charging pile, the relative position
between the receiving coil and the two transmitting coils is fixed, so the mutual inductance
between the two coils is fixed, i.e., Mj3, Mp3 and My, are constant. The output power
of the system is only related to the input voltage of the active coil, as shown in Figure 3.
The detailed model analysis is as follows:

Iy R: C
1
Vi b I =
Cs Rs I3
S Ls .
— 3 3 L
|2 RZ CZ
2 L, J
\V/ Mas

Figure 3. Two active to receiver charging modes.

In order to simplify the model, the parameters of the circuit model are symmetrical,
namely, Ry = Ry = R3 = R. The transmitter and receiver of the system will work at the
same frequency, which is defined as:

1 1 1
VGiL  VGL VGl

where f is the fundamental frequency of the power supply.
By listing the voltage equation of each circuit, the following voltage and current
(Equation (5)) can be obtained:
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1% Ry +jwLy + ](U%l —jwMjip —jwM;3 L
Vo | = —jwMy2 Ry +jwls + g —jwMp3 I ©)
0 —jwMi3 —jwMb>3 Rz + Ry +jwls + jw1C3 I3

The input impedance of the system is solved. According to the defined system
operating frequency, order V, = 0, the following equation (Equation (6)) can be obtained:
wM12)*(Rs + Ry) — jwMipsMisMas | (wMiz)*Ro +jw’® Mip Myz M
Zet =R1+( 12)"(Rs +Ry) —j 12MioMps | (WwM;3)"R; + jw”Myp LT SVATIA ©)
Ry(R3 4 Ry) + (wMas3) Ry(R3 +Ry) + (wMps)
Y, and Y3 in Equation (6), respectively, indicate the mutual inductance influence of
loop 2 and loop 3 on loop 1:

Y, = (wMpp)* (Rg+R)) —jw3 My MizMys
Rz(Rz3+R1)+(wM23)2 @)
Y, = (WMis) Ry +jw’ Mip My3 Mas
Ry (Rg+Ry)+(wMy3)”

Therefore, the input current I; of active coil 1 can be expressed as:

v v
L = = 8
1= Zen . RV 4T ®)

Aligned, the input current I, of active coil 2 can be expressed as:

V. \%
L=_"> = 2 ; )
Zsent2 RZ + YZ + Y3

Among:

Y, = (lez)z(R3+R1)—iw3M121;/113M23
R (st+R1.)+3(wM13) (10)
Yy = (wMp3) Ry Hjw M12M132M23
Ry (R3+R))+(wMy3)

Considering two active coils, the output current I3 of the receiver can be expressed as:
_ jwM13 X I +jwM23 X I . jwM13 i jwM23 %}

I = X
3 R; + R R3 + R Ri+Y,+Ys R3+R R2+Y2/+Y3,

(11)

Among Zeni» = Ry + Yo' + Y3'. Therefore, the input power Py, and output power Poyt
of the system can be expressed as:

Py =Re(Vy x I}) +Re(Vy x If) = (V1)* (V)" (12)
mn 1 1 272 Ri+Y,+Y3 Ry + Yo' + Y3
Pout = 12 x R —( jw )2><< MisVa M3 Vs >2><R (13)
out =5 XN = { Ry 7 R)) Ri+Y,+Y; Ro+Y) Y5 :
Therefore, the efficiency of the system 7 can be calculated as follows:
2 7 MpVi | MyVs 2
Pout ( ]w ) " sentl X Zsent2 X ( Zoortl + Zeonts ) <R (14)
n= = ——— 1
Pin Rs +R (V1)2 X Zsent2 + (V2)2 X Zsentl

Thus, the value of  is related to the two input voltages of the system and the mutual
inductance between the two coils. Additionally, the observation Equations (13) and (14)
show that when the output power and radial misalignment are fixed, there must be the
maximum transmission efficiency.
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The output power P,,; is set as constant at 640 W. The goal is to maximize transmission
efficiency. The optimal problem formulation is Equation (15):

i R3+R (Vl )2 X Zsent2+(V2)2 X Zsentl

in (15)
Pout — 640 =0

M3V My3Vs \2
. 2 ( 131 |, Moz 2)
Max : (1’]17 = Il)g)ut = ( J@w ) X Zsent1 X Zsent2 X Zsentl * Zsent2 % R]

Lagrange multiplier A is introduced and a Lagrangian function is constructed:
L=1n—Ax (Pout — 640) (16)

When the partial derivative of Equation (16) is found, they can be set to zero:

oL __ o7 9Pout _
v = —AX G =0

oL _ 97 9Pout _
=g AX G =0 (17)

Pout = 640

The corresponding V; and V; are obtained when the efficiency is maximum, as long
as Vj and V; are satisfied (Equation (17)).
The flowchart of the methodology mentioned is introduced in Figure 4.

UAYV lands

v

radial misalignment=r

v

Calculate M=f(r)
|

'

Bring M into equation

(17): Optimal solution V,
and V2
|
v

Constant output power Pout and

maximum transmission efficiency 7

Figure 4. The flowchart of the methodology.

3. Simulation

The proposed 570 V and 85,000 Hz power model is simulated in MATLAB/Simulink,
and the rationality of the model is verified. The parameters of the system are listed in
Table 1. The mutual inductance parameters of the coil are simulated by the finite element
method in Maxwell.
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Table 1. Parameters of the system.
Parameter Value Parameter Value
Li &L3 500.0 pH Peak amplitude of V1 & V, 570 V
Ci1 &C3 0.0072 uF f 85,000 Hz
R; &Ry & Rj 020 M3 175 uH
RL 20 Q) M23 300 HH
Mis 400 uH Cy 0.0036 uF
Ly 1000 uH

3.1. Simulation of Mutual Inductance Parameters

When the coil has radial misalignment, double transmitting and single receiving coils
are considered. The radii of the two transmitting coils are 26 cm and 36 c¢m, respectively,
and the radius of the receiving coil is 26 cm. The vertical distance between the transmitting
coil and the receiving coil is kept at 10 cm, and the medium is air. The finite element
simulation, as shown in Figure 5a, is carried out in Maxwell. The relationship between
mutual inductance and radial distance in the two transmitting coils and receiving coils
can be obtained, as shown in Figure 5b,c. It is found that the mutual inductance between
the two transmitting coils and the radial distance decreases with the increase in radial
misalignment. Combined with the power model, the power of the system also decreased.
For the receiving coil, mutual inductance is the sum of the two, which compensates for
the reduction in mutual inductance and power of the single transmitting coil. At the same
time, the self-inductance of the 36 cm coil is twice that of the other two 26 cm coils, and the
self-inductance is only related to the material and radius of the coil.

; 175 6— 300
170 o
N 290 -
165 ~
T ™~ T T ~__
7:/ 160 ™ % 280 ~
=} o ~
2 2
S 155 s
S S 270
2150 - 2
. © ©
£ 145 £ 260
2 =
140
250
135
L L L L 240
3% 2 4 6 8 10 0 2 4 6 8 10

radial offset(cm) radial offset(cm)
(b) Relationship between mutual
(a) Maxwell simulation diagram inductance and radial distance of 26 cm

transmitting coil

(c) Relationship between mutual
inductance and radial distance of 36 cm
transmitting coil

Figure 5. Maxwell simulation. (a) Snapshot of Maxwell simulation diagram (b) Simulation result of 26 cm transmitting coil.
(c) Simulation result of 36 cm transmitting coi.l.

3.2. Power

According to the coil parameters calculated in model A, the simulation output wave-
form of the system simulated by Simulink is shown in Figure 6. A snapshot of the simu-
lation file is shown in Figure 6a. We use a transformer to replace the resonant coils and
their mutual inductance. As for the high-frequency AC power required by the system,
we directly use AC power to generate it. Both the double transmitting circuit and single
receiving circuit adopt the topology of inductance and capacitor in series. In other figures,
Uyt is the output voltage waveform. U;, is the input voltage of the active coil. [, is the
input current waveform of the active coil. I, is the output current waveform. Output
power is the output active power of the system and input powerl and input power?2 are
the input active power of the system. According to the simulated voltage and current,
the transmission efficiency of the system can be calculated, which reaches 94%. Comparing
the simulation results with the theoretical results, the output power error is less than 5%.
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(b) Two to one system:

Pint(W)

-200

At the same time, the simulation results show that the output current and voltage wave-
form is sine wave, but there are phase differences, which is caused by mutual inductance
resonance not being complete, and therefore, there is phase lag.

R2 |
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Continuous

1-—1—1

| il B~ -
] %%jﬁ
— [ T | BE

Cc2

I

=

(a) One snapshot of the simulation file
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(c) The input current and the load current

T Power input2
300
200
100

02 03 04 05 0.6 07 08 09 1z

a0t 0
input power LI
200
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-400

0.2 03 04 05 06 07 08 09 1 0 ol 0z 03 o4 T?r:e 08 o7 o8 0g “

Time 104 <10
(d) The output power and the input powerl (e) The input power2

Figure 6. Waveforms of the transmitter currents and the load voltage. (a) Snapshot of Matlab simulation (b) Voltage (c)
Current (d) Output power and input power 1 (e) input power 2.

By changing the value of the input voltage, an arbitrary power output can be achieved.
Table 2 shows the simulated output power under different voltage peaks, which is close to
the theoretically derived value.

In addition, different radial misalignment will cause a decrease in the mutual induc-
tance between the receiving coil and the transmitting coil, resulting in a decrease in power.
As shown in Figure 7, when the peak input voltages of the two active coils are both 570 V,
the output power is negatively correlated with the radial misalignment.
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Finally, when the radial misalignment is constant with the input voltage of one active
coil, the simulation between the output power and the input voltage of the other active coil

verifies the correctness of the control strategy.

The verification result is shown in Figure 8. At this time, the radial misalignment of
the system is 5 cm, and the input voltage of an active coil is 570 V. The output power of the

system increases as the input voltage of the active coil increases.

Table 2. Comparison of simulation and theoretical values of output power.

Value Value Value Value Value
Peak Amplitude of Input Voltage
300 400 500 570 600
(V1 =W) (V)
Simulation
180 310 500 640 710
(W)
Theoretical
186 320 525 662 739
W)

700 T T T T T T

600

500

400

output power(W)

300

200

100 1 ! 1 1 ! 1 ! 1 1

radial offset(cm)

Figure 7. The output power and the radial misalignment.

350

300

N
[€))
o

200

output power(W)

150

100 1 1 1 1 1
0 100 200 300 400 500 600

input voltage(V)

Figure 8. The output power and the input voltage.
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4. Discussion

This paper presents a new wireless power transmission charging system for UAVs,
and establishes two mathematical models to perfect the theoretical basis of the system. We
also determine the control strategy between output power and input voltage when there
is radial misalignment. The structure of a double transmitting coil and single receiving
coil can better compensate for the mutual inductance and output power drop caused by
radial misalignment. At the same time, the output power of the system can be changed
by controlling the input voltage of the system to realize a power supply of any output
power, which is simple and easy to operate. When the output power is constant, maximum
power transfer efficiency is obtained by controlling the input voltage of the two coils.
Numerical and simulation results have been presented in terms of electrical performance
to demonstrate the validity of the proposed structure.
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