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Abstract: Unmanned aerial vehicles (UAVs) have been widely used in military and civilian appli-
cations. However, the insufficient cruising range restricts the development of UAVs due to the
limitation of their battery. Inductive power transfer (IPT) is an effective way to charge the battery
and solve this problem. Magnetic coupler is a key component of the IPT system, which greatly
affects the power transfer and efficiency of the IPT. This paper proposes a new magnetic coupler
with vertical spiral coils and ferrite PQI cores for the IPT system of UAVs, which can enhance the
magnetic coupling and improve the performance of the IPT system. Finite element simulations are
used to investigate the magnetic field distribution and coupling capability of the proposed magnetic
coupler. In addition, an experimental platform is built to prove the validity of the IPT system using
the proposed magnetic coupler. The results show that the coupling coefficient can reach 0.98, and the
system transfer efficiency is 89.27% with an output power of 93 W. The IPT system also has a perfect
misalignment tolerance and can achieve a stable output power.

Keywords: coupling coefficient; inductive power transfer (IPT); magnetic coupler; PQI cores;
unmanned aerial vehicles (UAVs)

1. Introduction

In past decades, unmanned aerial vehicles (UAVs) with different capabilities have
been widely used in many applications, such as water sampling [1], oil and gas surveys [2],
powerline inspection [3], coastline patrol, disaster relief [4-6], agriculture [7], and logis-
tics [8-10]. Currently, the propulsion systems of the UAVs can be divided into three types,
including traditional internal combustion engines (ICEs), hybrid electric propulsion sys-
tems (HEPSs), and pure electric motors (EMs). The UAVs with ICEs have a long cruising
range. However, they will increase fuel consumption and lead to air pollution. In addition,
thermal efficiency is the main drawback of ICEs, which ranges at 40% [11]. HEPS is the
combination of the ICE and EM, which has high propulsion efficiency and can reduce fuel
consumption. This kind of propulsion system allows large aircraft and increases cruising
ranges. The research of the HEPS for the UAVs has been carried out by many researchers.
Paper [12] used the series and parallel HEFS for the design process of the fixed-wing UAVs,
and it shows that HEPS consumes less energy than traditional aircraft in certain tasks.
In [13], a brushless DC motor design solution being used in the hybrid drive for a UAV
was presented, and the overall efficiency of the system was 87.3% at the speed of 8000 rpm.
However, the HEPS for the UAVs need energy management to balance the working of the
ICE and EM, and the above two types of UAVs are normally large and heavy.

The UAVs using pure EMs are widely used in civilian applications, such as the
consumer UAVs, which are usually small and easy to operate. Moreover, they do not
consume fuels and are environmentally friendly. However, the insufficient endurance
capability limits the development of UAVs using pure electricity due to the lack of battery
capacity. Inductive power transfer (IPT) can be used for UAV wireless charging to solve the
issue effectively. Compared with the current charging method for UAVs with plug-in AC
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or DC chargers, IPT can prevent mechanical wear and an electric spark and reduce manual
operation. The UAVs can be charged in an outdoor environment, even in extreme rain and
snow weather conditions. They can also acquire automatically distributed charging without
having to return to the operator by establishing multiple distributed charging stations.

As an important component of the IPT system, magnetic couplers have been studied
in many research projects for the IPT of UAVs. The high coupling coefficient of a magnetic
coupler is the key factor to transfer substantial power and improve efficiency. Paper [14]
presents a frustum structure, with ferrite I cores and a transmitting coil arranged on the
inside of the frustum and a receiving coil without a magnetic core attached to the UAV;
the maximum coupling coefficient is approximately 0.52. Paper [15] proposes a novel
orthogonal magnetic coupler, which has a polarized transmitter with a flat U-type core
and a perpendicular air-cored receiving coil. The coupling coefficient is 0.3. Paper [16]
uses a face-to-face magnetic coupler. The transmitting coil is made of a double-layer coil
and two circular coils connected in series. The receiving coil is a circular coil, which is
installed on the UAV’s body; the maximum coupling coefficient is 0.174. Similarly, in [17],
the primary coil has two spiral coils, which are connected in series. The secondary coil
adopts a disc coil structure without a magnetic core, and the maximum coupling coefficient
is 0.27. In [18], a novel cross-type magnetic coupler is proposed for UAV wireless charging.
The receiving coils are made of two opposite-direction series coils that are installed on the
two landing gears of the UAV. The transmitting coils are made of three series of coils that
are wound in the same direction. This magnetic coupler can reduce the leakage inductance,
converge the magnetic flux lines, and improve the magnetic coupling performance. The
maximum coupling coefficient can reach 0.328. Nevertheless, the coupling coefficients of
these magnetic couplers are inadequate. When the displacement between the receiving
and transmitting sides is large, the magnetic coupling deteriorates. For instance, the power
transfer efficiency is low and cannot maintain a stable power transfer.

In this paper, an effective IPT system with vertical spiral coils and ferrite PQI cores is
proposed to charge the battery of a UAV wirelessly. The magnetic coupler can achieve tight
coupling when the receiving coil is inserted into the transmitting coil due to the small air
gap. The main contributions are summarized as follows:

(1) TheIPT system is proposed. The parameters such as power, efficiency, coupling coeffi-
cient, and compensation capacitances are analyzed by building an equivalent model.

(2) The design principle of the magnetic coupler for UAVs is pointed out in detail. Three
types of magnetic couplers are analyzed and compared. An optimized magnetic
coupler with ferrite PQI cores is obtained. This magnetic coupler can provide a strong
magnetic flux density, achieve a high coupling coefficient, and maintain a stable
power transfer. The magnetic field distribution and coupling capability are analyzed
using the finite element software COMSOL.

(3) An experimental platform is implemented to investigate the coupling capability of
the magnetic coupler and the IPT system power transfer, which verifies the validity
of the proposed IPT system for UAVs.

This paper is arranged as follows. Section 1 introduces the research background
and an overview of the whole work. In Section 2, an IPT system is built and modeled.
In Section 3, the optimization for the magnetic coupler of the IPT system is carried out by
comparing three types of magnetic couplers and simulation. In Section 4, a testing platform
is built to verify the performance of the IPT system. Finally, in Section 5, the discussion
summarizes all the work and points out future work.

2. IPT System for UAVs

This paper focuses on the optimization of the magnetic coupler, Thus, a typical and
common circuit for the IPT system is selected, as shown in Figure 1. A high-frequency
sinusoidal voltage is generated by the full-bridge inverter (four SiC MOSFETs, 51-54), and
the high-frequency alternating magnetic field generated by the transmitting coil (Tx coil)
can transfer the power to the receiving coil (Rx coil). Then, the AC voltage is converted
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into a DC voltage by using the full-bridge rectifier circuit (four Schottky diodes, D1—Dj).
Two compensation circuits are used on the transmitting and receiving sides to compensate
for leakage inductance, eliminate reactive power, and achieve maximum power transfer.
The four basic compensation circuits are series—series (SS), series-parallel (SP), parallel-
parallel (PP), and parallel-series (PS) [19-21]. Some complex compensation circuits, such
as inductance—capacitance-inductance (LCL) and double-sided inductance—capacitance—
inductance (LCC) also exist [22]. In this paper, SS compensation is used for the IPT system
because it can achieve a constant output current, and the circuit is simple and light for UAVs.
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Figure 1. Circuit diagram of IPT system. * represtents the polarity of the coils, which is commonly
used in the transformer.

In Figure 1, U;, and I;, are the input DC voltage and current for the inverter. Lty
and Lg, are self-inductances of the transmitting and receiving coils, respectively. Cr, and
Cry are the compensation capacitors for the transmitting and receiving coils, respectively.
M is the mutual inductance between the transmitting and receiving coils. C is the filter
capacitor, and Ry is the load. U,y and Iyt are the DC voltage and current of the load.

The IPT system transfer efficiency # from the DC source to the load can be calculated

as follows:
_ Pout o uoutlout

Py Uiy
where P;,, is the input power of the DC source, and P, is the output power of the load.
The coupling coefficient k can be calculated as:

@

k= @
LrxLRx
Uyp and U, are the voltages of the transmitting- and receiving-side compensation
circuits, and R, is the equivalent load resistance before the rectifier. The voltage and
current of the compensation network are under the continuous conduction mode (CCM)
operation in the steady state, only considering the fundamental frequency components [23].
They can be expressed as follows [24]:

22 T 8
7uinr Uz = ﬁuout/ Req = 2

Figure 2 shows the equivalent circuit of the IPT system with SS compensation circuits.
Rty and Rg, are the series equivalent resistances of the transmitting and receiving coils. Iz
and Iy are the currents of the transmitting and receiving coils. On the receiving side, the
impedance Zg, can be calculated as [25]

Upp = Rp. 3)

Zpy = jwLgy + + Rrx + Reg 4)

1
jchx

where w is the resonant frequency of the receiving side.
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Figure 2. Equivalent circuit of IPT system with SS compensation circuits. * represtents the polarity of
the coils, which is commonly used in the transformer.

From [25], the reflected impedance Z, from the receiving side to the transmitting side
is as follows:

—jwMI 2A12
_ —jw Rx:wM‘ 5)

Z
' ITx ZRx

The reflected resistance and reactance of the reflected impedance Z, can be written as
follows [26]:

4 M2 (Reg+RRy)
R Z _ w q Rx
e(Z)) (szRx*%m)2+w2(Req+RRx)2
7w3M2(WzLRx*%) . (6)
Im(Zr> = Rx

2 2
(w?Lrx— %) +w? (Reg+RRyx)

Typically, to eliminate reactive power and achieve the maximum power transfer, the
reflected reactance Im(Z,) should be zero, which means

1

e =0. (7)

C()ZLRx —

The resonant compensation capacitor Cg, of the receiving coil can be expressed
as follows:

1
Cpy— ———. 8
Rx szRx ( )
The total system input impedance Z;,, can be expressed as follows [26]:
1
Ziy=2 Z, = jwL — +R Z;.
in Tx + 4y = Jw Tx+jWCTx + Rrx + 4y )

The total input reactance should be zero to achieve maximum output power and

transfer efficiency, that is,
Im(Zry) = 0. (10)

The resonant compensation capacitor Cr, of the transmitting coil can be expressed as

1

Cry=——.
* wZLTx

(11)

The resonant frequency w is typically the same as the switching frequency wy of the
full-bridge inverter to ensure that the IPT system can achieve the maximum transfer power
and efficiency.

3. Magnetic Coupler Optimization for UAVs
3.1. Magnetic Coupler Design Principle
The magnetic coupler is the key component that affects the transmission power and

efficiency of the IPT system. The following aspects should be considered when designing
the magnetic coupler for UAV wireless charging.



Energies 2021, 14, 7024

50f15

1.  The space occupied by the receiving part should be considered. The receiving part
is installed on the UAYV, such that the receiving part should be compact and light to
avoid the impact of overweight and imbalance on the flight status of the UAV.

2. The magnetic coupler should have a strong magnetic flux density and a high coupling
coefficient to improve the transfer power and efficiency of the IPT system.

3. The magnetic coupler should have enhanced misalignment tolerance. The UAV
cannot ensure that it works in complete alignment every time due to the limitation of
its landing accuracy. Thus, enhanced misalignment tolerance can ensure that the IPT
system transfers a stable power and is efficient.

4.  The leakage flux density should meet the International Commission on Non-Ionizing
Radiation Protection safety standard. The leakage magnetic field will heat the metal
parts of the UAV, which will affect the UAV’s work and even damage it. From the
safety standard [27], the minimum flux density that harms humans is 2.7 x 1075 T,
such that the goal in this paper is to ensure that the leakage flux density for the UAV
is less than this safety standard.

3.2. Typical Magnetic Coupler with Circular Coils and I Cores

Currently, the magnetic coupler using circular coils is one of the common structures
for IPT systems [28-30]. The circular coils can achieve high transfer efficiency when the
air gap is small and the transmitting and receiving coils are coaxial. However, when the
air gap or misalignment is large, the coupling coefficient becomes small, which decreases
the transfer power and efficiency. To compare and prove the superiority of the proposed
magnetic coupler in this paper, a typical magnetic coupler using circular coils and I cores is
investigated, as shown in Figure 3. The magnetic field distribution and coupling coefficient
are investigated to verify whether this kind of structure is suitable for a UAV IPT system.

<> UAV

”
L !

Ferrite——g 3 Ryx part

Ry coi
Tx coil o Txpart
Ferrite
(a)
Ferrite~_ 3
S K
—— = 1
Ry coil l
Zdis
Tx coil\ .
Zdis 1.75

Ferrite—" t
LXdis errite LXdiS
(b) (c)

Figure 3. Typical magnetic coupler with circular coils and I cores (unit: mm): (a) installation diagram
of the magnetic coupler; (b) front view; (c) top view of the transmitting part.

As shown in Figure 3, the transmitting part (Tx part) and the receiving part (Rx part)
are the same, in which both are made of a circular coil and an I core. The receiving part
is installed on the abdomen of the UAV. The transmitting part is normally installed in a
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=100 kHz Magnetic flux density (T)

charging station. For this kind of small UAV, the allowed space for the receiving coil is
40 mm x 35 mm without affecting the sensors working. Considering that the receiving coil
allowed space and minimizing the influence of the receiving coil weight on UAVs’ flight,
the outer and inner diameters of the transmitting and receiving coils are 25 and 11 mm,
respectively, and the turns of the coils are 15. Zdis, Xdis, and Ydis are the displacements of
the Z-, X-, and Y-axis directions, respectively.

Three-dimensional simulations are used to investigate the magnetic field of the mag-
netic coupler on the basis of COMSOL. The transmitting coil is excited with 1 A, 100 kHz.
Figure 4 shows the magnetic field distribution of the typical magnetic coupler with circular
coils and I cores. The magnetic flux is mainly converged between the I cores, and the mag-
netic field is symmetrically distributed along the X- and Y-axis directions. The peak flux
densities of the magnetic coupler in the XZ and YZ planes are 0.02 and 0.01 T, respectively.
The maximum leakage flux densities for the UAV in the XZ and YZ planes are denoted as
“A” and “A’” which are 4.468 x 10~* and 8.558 x 10~* T, respectively. They are higher
than 2.7 x 10> T and, consequently, do not satisfy the safety standard.

=100 kHz Magnetic flux density (T)

x1077 %10
165181.81 105477.36
147324.71 94075.08
129467.61 82672.79
111610.52 71270.51
93753.42 59868.23
75896.32 48465.94
58039.22 37063.66
40182.12 25661.38
22325.03 14259.09

6.24
v 3,256:10 ’ ¥ 6.24x107

(a)
Figure 4. Magnetic field distribution of the typical magnetic coupler: (a) XZ plane; (b) YZ plane.

The variation in coupling coefficient k of the typical magnetic coupler with displace-
ment is shown in Figure 5. In Figure 5a, with the increase in Z-axis displacement, the
coupling coefficient is reduced. The maximum and minimum coupling coefficients are
0.945 and 0.25, respectively. Figure 5b,c show the variation in coupling coefficient with
the X- and Y-axis displacements under different Z-axis displacements, respectively. The
maximum variations of the coupling coefficient are 0.0546 and 0.0506, respectively. These
results show that when the Z-axis displacement is large, the magnetic coupling worsens,
and the later misalignment (X- and Y-axis displacements) tolerance is terrible. In consider-
ation of the leakage flux density and magnetic coupling capability, the typical magnetic
coupler with circular coils and I cores is unsuitable for the IPT system of UAVs.

OO0~

Coupling coefficient &
[=]
O—=NWE NN 0D

W /
Coupling coefficient k

Zdis (mm)

(a)

1.0 1.0
09— "~ ——— KOG
0.8 | 5 08}
0.7t e 2 07F .
0.6F """ " e S o6F T Tt S
05+ “-3’ 05F
8,§-”,,.7, ------ am - - - %Dg,g, ,,,,,,,, S
02 TXTSRRZE £ 021 TRUIRRZE
0.1 F = * =6 mm Zdis 2 0.1 | = *=6mmZdis
9 0 L L I < 0 L L I
-2 -1 0 1 2 -2 -1 0 1 2
Xdis (mm) Ydis (mm)
(b) ()

Figure 5. Variation in coupling coefficient of the typical magnetic coupler variation with displacement: (a) Z-axis; (b) X-axis;

(c) Y-axis.
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3.3. Proposed Magnetic Coupler with Vertical Spiral Coils and a PQ Core

As mentioned above, the typical magnetic coupler has the problems of weak magnetic
coupling and high misalignment sensitivity when the displacement is changed. To solve
these problems, a new magnetic coupler using vertical spiral coils and a PQ ferrite core is
proposed for the IPT system of UAVs, as shown in Figure 6. To compare the performance
of the proposed magnetic coupler with that of the typical magnetic coupler (Figure 3), the
turns, outer diameter, and specification of the coils are the same as the parameters of the
typical magnetic coupler. From Figure 6b, the receiving part is made of a vertical spiral
coil attached to the abdomen of the UAV. To reduce the influence of the receiving part on
the UAV’s flight, no ferrite exists on the receiving part. The transmitting part is made of a
vertical spiral coil and a PQ ferrite core. Using vertical spiral coils can effectively increase
the magnetic coupling area and reduce the air gap between the transmitting and receiving
coils. Meanwhile, the structure of the PQ core will constrain the flux lines in the magnetic
coupler and transfer considerable magnetic flux to the receiving coil. Thus, the proposed
magnetic coupler with vertical spiral coils and a PQ ferrite core can effectively reduce
leakage inductance and improve magnetic coupling.

Ferrite —

Ry coil

Ferrite—

Tx coil—

Zdis

X dis

(b) (c)

Figure 6. Magnetic coupler with vertical spiral coils and a PQ core: (a) installation diagram of the

magnetic coupler; (b) front view; (c) top view.

Figure 7 shows the magnetic field distribution of the proposed magnetic coupler with
vertical spiral coils and a PQ core. The magnetic field is symmetrically distributed along
the X- and Y-axis directions, and most of the magnetic flux is concentrated around the
magnetic coupler. The peak flux densities of the magnetic coupler in the XZ and YZ planes
are 0.02 and 0.00842 T, respectively. “B” and “B’” represent the maximum leakage flux
densities for the UAV in the XZ and YZ planes, which are 3.246 x 10~% and 3.578 x 1073 T,
respectively. They are higher than 2.7 x 107> T, thereby failing to meet the safety standard.
Hence, a reduction of leakage flux density must be considered to meet the safety standard.
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Figure 7. Magnetic field distribution of the magnetic coupler with vertical spiral coils and a PQ core: (a) XZ plane;

(b) YZ plane.

The variation in coupling coefficient k of the magnetic coupler with vertical spiral coils
and a PQ core with displacement is shown in Figure 8. The coupling coefficient decreases
with the increase in Z-axis displacement. The maximum and minimum coupling coefficients
are 0.865 and 0.398, respectively. They are lower and higher than the coupling coefficient of
the typical magnetic coupler (in Figure 5a), which means that the misalignment sensitivity
of the magnetic coupler with vertical spiral coils and a PQ core is lower than that of the
typical magnetic coupler. As shown in Figure 8b,c, the maximum variations of the coupling
coefficient along the X- and Y-axis displacements are 0.01 and 0.0136, respectively. They are
smaller than those of the typical magnetic coupler (in Figure 5b,c). The coupling coefficient
is stable in the lateral displacement.

1.0 1.0 1.0

=09 =09 =09k

508 o8k ____ - g o8k

207 S 07F 507

g 0.6 G 06F----w-mm oo B 06f----a---mammmm oo

g 05 S 05k S 05k

e 0.4 o 0.4 S04t

”_‘E 03 £ 03T —8— 0 mm Zdis v—<E 031 —#— (0 mm Zdis

% 0.2 % 0.2 F ceeee3mmZdis % 0.2 F —et=-3 mm Zdis

3 0.1 3 0.1 F =*=6mmZdis 2 0.1 F = *-6mm zdis

&} 0 L S L L L C L L 1

0 3 9 —2 -1 0 1 2 -2 -1 0 1 2

Zdis (mm) Xdis (mm) Ydis (mm)
(a) (b) (c)

Figure 8. Variation in coupling coefficient of the magnetic coupler with vertical spiral coils and a PQ core with displacement:
(a) Z-axis; (b) X-axis; (c) Y-axis.

In sum, the magnetic coupler with vertical spiral coils and a PQ core has the following
characteristics: (1) the magnetic field is symmetrically distributed along the X- and Y-axis
directions; (2) the coupling coefficient is higher than that of the typical magnetic coupler
when the Z-axis displacement is large; (3) the misalignment sensitivity is lower than that of
the typical magnetic coupler, especially it has a perfect lateral displacement tolerance.

3.4. Proposed Magnetic Coupler with Vertical Spiral Coils and PQI Cores

From the above analysis, the typical magnetic coupler and the proposed magnetic
coupler with vertical spiral coils and a PQ core have the problems of weak magnetic
coupling, large leakage flux density, and high misalignment sensitivity. Both are unsuitable
for the IPT system of UAVs. Therefore, a new magnetic coupler with vertical spiral coils
and PQI ferrite cores is proposed to solve these drawbacks, as shown in Figure 9. An 1
ferrite core is added to the receiving coil, which can enhance the magnetic coupling and
reduce the leakage magnetic flux density. The I core is thin and light, which almost does
not affect the UAV’s flight status.
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Ferrite—

Ferrite—>

Tx coil—

Zdis

X dis

(b)

Figure 9. Magnetic coupler with vertical spiral coils and PQI cores: (a) installation diagram of the
magnetic coupler; (b) front view; (c) top view.

Figure 10 shows the magnetic field distribution of the proposed magnetic coupler
with vertical spiral coils and PQI cores. The magnetic field is symmetrically distributed
along the X- and Y-axis directions. The magnetic flux is converged in the magnetic coupler.
The peak flux densities of the magnetic coupler in the XZ and YZ planes are 0.14 and 0.08 T,
respectively. The maximum leakage flux densities for the UAV in the XZ and YZ planes are
denoted as “C” and “C’”, which are 4.231 x 107 and 1.299 x 10~7 T, respectively. They
are less than 2.7 x 107> T, conforming to the safety standard.

=100 kHz Magnetic flux density (T)

=100 kHz Magnetic flux density (T)

A 0.08

%1077 x1077
1357803.6¢ 818740.66
1218542.21 734767.39
1079280.72 650794.13
940019.24 566820.86
800757.76 482847.59
661496.27 398874.32
522234.79 314901.05
382973.31 230927.79
243711.83 146954.52

I 104450.34 62981.25
4.23 13
V¥ 1.3x10

I E E— —— |4 423%107
—20 —10 0 10 20

(a) (b)

Figure 10. Magnetic field distribution of the magnetic coupler with vertical spiral coils and PQI cores: (a) XZ plane; (b) YZ
plane.

Figure 11 shows the variation in coupling coefficient k of the magnetic coupler with
vertical spiral coils and PQI cores with displacement. The maximum and minimum
coupling coefficients are 0.978 and 0.423, respectively. They are higher than those of the
typical magnetic coupler and the magnetic coupler with a PQ core (in Figures 5a and 8a).
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Figure 11b,c show the variation in coupling coefficient with the X- and Y-axis displacements
under different Z-axis displacements, respectively. The maximum variations of the coupling
coefficient are 0.01 and 0.015. These results prove that this kind of magnetic coupler has a
high coupling coefficient and a perfect lateral displacement tolerance.

T T 7T

Coupling coefficient &
COOoooooo
S— WA ULANNOOD
T

I

(=]

3

6
Zdis (mm)

10 1.0
« 30F =09F
Z 0ok E 08
5 0.7t 2 07F
o el L
§ 05L S 05+
S oal S04l
E 03 £ 03T e mm zdis
S 02 cceae3 mm Zdis s 02 -=¢=-3 mm Zdis
2 0.1} = #*-6mm zdis 2 0.1 | = #* =6mm Zdis
O 0 L L 1 &) 0 L L 1
9 -2 -1 0 1 2 -2 -1 0 1 2
Xdis (mm) Ydis (mm)
(b) ©

Figure 11. Variation in coupling coefficient of the magnetic coupler with vertical spiral coils and PQI cores with displacement:
(a) Z-axis; (b) X-axis; (c) Y-axis.

Therefore, the magnetic coupler with vertical spiral coils and PQI cores is selected for
the IPT system of the UAV in this paper due to the following merits:

(1) The magnetic field is symmetrically distributed along the X- and Y-axis directions.
It has a perfect lateral misalignment tolerance, which is valuable to provide a stable
power transfer.

(2) It has high magnetic flux density and coupling coefficient.

(3) The leakage flux density is less than the safety standard, which will not affect the
work of the UAV.

4. Experimental Testing
4.1. Magnetic Coupler Testing

An experimental prototype is constructed to investigate the performance of the pro-
posed magnetic coupler with vertical spiral coils and PQI cores, as shown in Figure 12. The
ferrite PQ and I cores with a permeability of 3300 are from TDK Corporation. The I core
plate is made of two 15.5 mm x 22 mm x 1.75 mm I cores, and it is only approximately 4 g,
which has a minimal impact on the UAV’s flight. The parameters of the magnetic coupler
are listed in Table 1. An LCR meter (HIOKI IM 3536) is used to measure the self-inductance
and coupling coefficient variation with displacement. This LCR meter has high accuracy
with 0.05% rdg, which ensures the accuracy of measurement.

(b) (c)

Figure 12. Prototype of the magnetic coupler with vertical spiral coils and PQI cores: (a) whole
magnetic coupler; (b) transmitting part; (c) receiving part.

Figure 13 shows the measured coupling coefficient k variation with displacement.
From Figure 13a, with the increase in Z-axis displacement, the coupling coefficient ranges
from 0.984 to 0.446. Figure 13b,c show the variation in coupling coefficient with X- and
Y-axis displacements. The maximum variations of k are 0.011 and 0.016. The coupling
coefficient is stable within the lateral displacement.



Energies 2021, 14, 7024

11 of 15

Coupling coefficient &

cocoocoooo—

Table 1. Parameters of the proposed magnetic coupler with vertical spiral coils and PQI cores.

Parameter Value
Turns of transmitting and receiving coils 15
Diameter of transmitting coil 25 mm
Diameter of receiving coil 20 mm
Diameter of the single-turn coil 0.5 mm
Cross-section of single-turn coil 0.2 mm?

Size of PQ core (L x W x H)
Size of I core plate (L x W x H)
Permeability of ferrite core

32 x 22 x 15.175 mm
31 x 22 x 1.75 mm
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Figure 13. Measured coupling coefficient variation with displacement: (a) Z-axis; (b) X-axis; (c) Y-axis.

The variation in self-inductance L7, of the transmitting coil with displacement is
shown in Figure 14. With an increased Z-axis displacement, the self-inductance Lty is
reduced. From Figure 14b,c, the maximum variations of Lt, are 4.276 and 5.186 puH in the

X- and Y-axis displacements, respectively.
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Figure 15 shows the variation in self-inductance Lg, of the receiving coil with displace-
ment. The self-inductance Lg, is reduced with an increased Z-axis displacement, as shown
in Figure 14a. The variation in self-inductance Lg, with X- and Y-axis displacements is
shown in Figure 15b,c. The maximum variations of Lg, are 5.559 and 2.229 pH.
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Figure 14. Measured transmitter’s self-inductance variation with displacement: (a) Z-axis; (b) X-axis; (c) Y-axis.
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Figure 15. Measured receiver’s self-inductance variation with displacement: (a) Z-axis; (b) X-axis; (c) Y-axis.
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4.2. Power Transfer Testing

A test platform is built to investigate the performance of the IPT system using the
proposed magnetic coupler with vertical spiral coils and PQI cores, as shown in Figure 16. It
consists of a high-frequency inverter, two compensation capacitors, the proposed magnetic
coupler, and a full-bridge rectifier circuit. An electric load (Chroma 63123A) is used as the
load. A power analyzer (HIOKI PW6001) is used to measure the power and efficiency of
the IPT system. The experimental parameters of the IPT system are listed in Table 2.

Power analyzer |

‘ ’ e
P
A Inverter i

Figure 16. Test platform for the IPT system.

Table 2. Parameters of the IPT system.

Symbol Parameter Value
U, Input DC voltage 80V
f System working frequency 100 kHz
Lty Inductance of transmitting coil 123.98 uH
LRy Inductance of receiving coil 118.47 uH
Cry Compensation capacitance of transmitter 20.57 nF
Crx Compensation capacitance of receiver 21.38 nF
Ry Resistance of transmitting coil 0.201 Q)
RRy Resistance of receiving coil 0.165 O
M Mutual inductance 119.24 uH
k Coupling coefficient 0.984
Ry Resistance of load 100 O

Figure 17 shows the power and efficiency testing under complete alignment. The
output power for the load is 92.99 W, and the system efficiency can reach 89.27%.

8 50.010 V 97.078 V

1.3019% A

104.169 W
89.271 %

Figure 17. Power and efficiency testing of the IPT system under complete alignment.

Figure 18 shows the output power Py, variation with displacement. In Figure 18a, the
output power decreases with an increased Z-axis displacement. As shown in Figure 18b,c,
when the X- and Y-axis displacements change from —2 to 2 mm at zero Z-axis displacement,
the power P,y variation ranges are 89.071-92.992 W and 90.083-92.992 W, respectively. The
output power is relatively stable.
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Figure 18. Measured output power variation with displacement: (a) Z-axis; (b) X-axis; (c) Y-axis.

Figure 19 shows the system efficiency # variation with displacement. As shown in
Figure 19a, when the Z-axis displacement ranges from 0 to 9 mm, the efficiency # is from
89.271% to 42.091%. From Figure 19b,c, when the X- and Y-axis displacements are from —2
to 2 mm, the maximum variations in system efficiency # are 0.43% and 0.29%, respectively.
The system transfer efficiency is stable. These results prove that the IPT system has a
perfect lateral displacement tolerance and can achieve a stable power transfer.
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Figure 19. Measured system efficiency variation with displacement: (a) Z-axis; (b) X-axis; (c) Y-axis.

5. Discussion

In this paper, a novel effective IPT system using a magnetic coupler with vertical spiral
coils and PQI ferrite cores was proposed for UAV wireless charging. The following work
has been finished.

First, the IPT system modeling was implemented to obtain compensation capacitors.

Second, one typical magnetic coupler with circular coils and I cores, one proposed
magnetic coupler with vertical spiral coils and a PQ core, and another magnetic coupler
with vertical spiral coils and PQI cores were investigated and compared. Their magnetic
coupler capabilities, such as magnetic field distribution and coupling coefficient, were
studied using the finite element software COMSOL.

The simulation results show that the magnetic coupler with vertical spiral coils and
PQI cores has the following advantages: (1) strong magnetic flux density and high coupling
coefficient; (2) enhanced lateral misalignment tolerance; (3) the magnetic field is symmet-
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rically distributed along the X- and Y-axis directions; and (4) the leakage flux density
conforms to the safety standard.

Lastly, an experimental platform was built to validate the proposed IPT system. The
test results show that the IPT system can achieve high-efficiency stable power transfer. The
IPT system can transfer 92.99 W with a system efficiency of 89.271%.

This kind of magnetic coupler is also suitable for wireless charging systems in which
the receiving part has a planar structure such as electric vehicles, cleaning robots, automatic
guided vehicles, and rotary transformers. High-permeability magnetic materials, such as
amorphous and nanocrystalline ones, could be considered in future work to improve the
performance of the IPT system.
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