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Abstract—During the operation of an unmanned aerial vehi-
cle (UAV) inductive wireless power transfer (IPT) system, stray
magnetic fields from the magnetic coupler can compromise the
safety of the UAV’s electronic equipment. This issue limits the
widespread adoption of the parallel coupler, despite its high cou-
pling coefficient. This article proposes an improved design that
allows designers achieve a lower magnetic field distribution in a
parallel coupler without compromising its transfer power, which
offers a balanced approach to optimizing the trade-off between high
coupling coefficient and low stray magnetic field distribution in
couplers for UAV-IPT. Specifically, the magnetic field generated by
the transmitter coil and receiver coil is analytically studied, and an
improved compensation parameter design is presented to achieve a
lower magnetic field distribution. Besides, it also compares the stray
magnetic field distribution characteristics of the improved design
described in this article with that of the conventional design widely
used for the parallel coupler. Finally, a system is implemented to
verify the low stray magnetic field distribution characteristics. The
experimental results show that the improved design reduces the
stray magnetic field around the UAV’s electronic equipment by
40.3% compared to the conventional design, while maintaining the
same transfer power.

Index Terms—Compensation parameter design, inductive
wireless power transfer (IPT), low stray magnetic field, unmanned
aerial vehicle (UAV).

1. INTRODUCTION

HE rise of unmanned aerial vehicle (UAVs) has signif-
T icantly advanced the development of various industries,
such as electric power inspection, agriculture and forestry plant
protection, and border patrol [1]. However, the battery endurance
capability has been the main factor limiting the widespread
adoption of UAVs [2]. Due to the limitation of the battery
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power density, if the endurance of the battery is improved, larger
volume and heavier weight of the UAV’s battery is required,
which is not friendly to UAVs. To enhance the operational range
and duration of UAVs, UAV-inductive wireless power transfer
(IPT) systems are emerging as a promising flexible charging
solution and have become a research focal point [3], [4].

To reduce the weight and improve the structural rigidity
of the UAVs, there is a consensus against using ferrite cores
in the receiver of a UAV-IPT system, since ferrites are both
heavy and fragile [5], [6], [7]. Besides, high coupling coefficient
should be paid more attention for achieving high-power and
high-efficiency power transfer when designing the transmitter
and the receiver. There have been some researches that focus on
the magnetic coupler design for UAV-IPT.

The parallel structure is proposed earlier and widely used
because of its simple structure and high coupling coefficient.
Arteaga et al. [8] and Aldhaher et al. [9] proposes a parallel
structure with a configuration of large-to-small coils, where the
UAV’s anti-collision frame is replaced with the RX. This parallel
structure has a simple structure and is easy to install, but the
RX on the anti-collision frame causes strong electromagnetic
interference to the UAV’s electronic equipment. Zhou et al. [10]
and Song et al. [11] place the RX under the UAV’s body for re-
ducing the electromagnetic interference to the UAV’s electronic
equipment. However, as the EMI study in [12], this parallel
structure still causes amount of stray magnetic fields through
the UAV’s body. Excessive stray magnetic fields typically cause
thermal losses in environments with magnetically conductive
materials. Ke et al. [13] winds the RX at the bottom of the landing
gear leg, as shown in Fig. 1(a), to relieve the electromagnetic
interference of stray magnetic fields and improve the coupling
coefficient. Unfortunately, the adverse effect of stray magnetic
fields to camera or other sensors is still inevitable. Although add
shielding layers between the magnetic coupler and UAV’s elec-
tronic devices can effectively reduce stray magnetic fields, this
will increase the UAV’s load capacity and reduce its mobility.

To mitigate electromagnetic interference in UAV-IPT sys-
tems, The work in [14], [15], [16], [17], [18], [19], [20], and
[21] proposed adopting the orthogonal structure for its low
stray magnetic field distribution characteristics. For example,
the orthogonal three-coil coupler shown in Fig. 1(b) typically
consists of a bipolar 7X and multiple RXs wound around the
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(b)

Fig. 1. Magnetic couplers in UAV-IPT systems. (a) Parallel coupler. (b)
Orthogonal three-coil coupler.

TABLE I
COMPARISON OF TWO COUPLER STRUCTURES
Coupling | Stray magnetic field

Coupler type coefficient distribution

Parallel . .

Structure High High
Orthogonal Low Low

Structure
This article High Low

landing gear legs. The bipolar structure confines the magnetic
field to a limited area, effectively suppressing stray magnetic
fields around the UAV’s electronic components. However, the
low coupling coefficient between the 7X and RX presents a
significant challenge for orthogonal couplers, limiting their
widespread use in high-power and high-efficiency scenarios.
Based on the above analysis, Table I gives the advantages
and disadvantages of the two coupler structures. Analysis of
Table I highlights a key challenge in existing research: achieving
both high coupling coefficient and low stray magnetic field
distribution is a difficult design tradeoff for UAV-IPT couplers.
To optimize the tradeoff between high coupling coefficient
and low stray magnetic field distribution in UAV-IPT couplers,
this article focuses on the parallel coupler shown in Fig. 1(a)
and proposes an improvement to its compensation parameter
design to reduce stray magnetic field distribution. By the anal-
ysis of magnetic field spatial distribution, the stray magnetic
field of the parallel coupler is studied and confirmed to be the
coupling magnetic field. By the analysis of magnetic field inten-
sity, the analytical relationship between the coupling magnetic
field intensity and induced electromotive force is found. Based
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on this, an improved design is proposed and demonstrated to
achieve a lower stray magnetic field distribution in a parallel
coupler without compromising its transfer power, compared to
the conventional design widely used for UAV-IPT. Subsequently,
the compensation parameter design formulas of the improved
design are provided, and the load-independent zero phase angle
(ZPA) operation and constant output of the improved system
are validated. Additionally, an analysis of the impact of mis-
alignment on the stray magnetic field distribution characteristics
is conducted, which revealing that the proposed improvement
can still suppress stray magnetic fields around the UAV’s elec-
tronic equipment in the presence of misalignment between the
transmitter and receiver. It also compares the coil losses and
transfer efficiencies of the improved design with those of the
conventional design. Finally, a wireless charging prototype for
UAVs is set up to validate the proposal of improvement.

II. ANALYSIS OF MAGNETIC FIELD AND PROPOSAL OF
IMPROVEMENT

A. Analysis of Magnetic Field Spatial Distribution

The composition of the parallel magnetic coupler in a UAV-
IPT system is depicted in Fig. 1(a). The parallel coupler consists
of a transmitter coil (7X) and a receiver coil (RX). To clarify and
intuitively present the magnetic field distribution of the parallel
coupler, this article first analyzes the magnetic field distribution
when only the TX is excited and when only the RX is excited,
and then analyzes the magnetic field distribution when both 7X
and RX are excited. The magnetic field spatial distribution of the
parallel coupler is shown on Fig. 2, where the RX is positioned
away from TX by a gap with a height of Hg,,p,.

When only the TX is excited, as shown in Fig. 2(a), the TX
leakage magnetic field intensity (H;,) is distributed in (-Hgap,
Hgap), and the TX coupling magnetic field intensity (Hy,,) is
distributed in (-0, 4-00). When only the RX is excited, as shown
in Fig. 2(b), the RX leakage magnetic field intensity (Hsa,) is
distributed in (0, 2Hgap), and the RX coupling magnetic field
intensity (Hs,,) is distributed in (-00, 4-00). It can be concluded
that in the parallel coupler, the leakage magnetic field intensity
(H,, H, = Hi, + Hy,) is distributed in (-Hgap, 2Hgap), While
the coupling magnetic field intensity (H,,, H,, = H;,,, + Hs,,,)
is distributed in (-00, 400).

In practice, when the UAV is parked on a wireless charging
platform for charging, the RX and TX are in contact, which
means that Hg,p, is approximately equal to 0. Therefore, the
range of H, approaches a null set, and the stray magnetic field
around the UAV is naturally H,,, as shown in Fig. 3(a). It is
important to note that, due to the inevitable discrepancy between
the actual and ideal situations, H, is very low but remains
present. Given that the contribution of H,, to the stray magnetic
field is negligible, H,, is not depicted in Fig. 3(a).

For the majority of parallel couplers, the spatial distribution
of H,,, is nonuniform. To macroscopically analyze and regulate
H,,, a postprocessing method is proposed in (1), equating the
nonuniform H,, illustrated in Fig. 3(a) with the uniform Hj,
depicted in Fig. 3(b), based on the conservation of magnetic
energy in the coupling magnetic field. In the following study,
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Fig.2. Magnetic field distribution. (a) When only the 7X is excited. (b) When
only the RX is excited.
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Fig. 3. Magnetic field distribution when 7X and RX are excited. (a) Actual
situation. (b) Postprocessing situation.
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Fig. 4. Equivalent circuit of the parallel coupler.

H; will be quantitatively analyzed to assess the stray magnetic
field intensity

1 1
Wm=/ spo-Hy, - dV = Spo-HY Vi (D)
v, 2 2

where W, represents the magnetic energy of the coupling mag-
netic field; V,,, represents the spatial volume of the coupling
magnetic field; and p represents the magnetic permeability.

B. Analysis of Magnetic Field Intensity

The transformer model of the parallel coupler is presented
in Fig. 4. Ly,, Loy, and L,, are the TX leakage inductance,
RX leakage inductance, and excitation inductance, respectively.
U, represents the port voltage of the load. Iy represents the
port current of the load. Us is produced by an uncontrolled
rectifier, and is in phase with I». Hence, a resistance R g is used to
represent the load. Z g represents the equivalent impedance from
the RX port to the load. I,; and 1,5 represent the port currents
of the TX and RX, respectively. I, represents the excitation
current (denoted as i, in the time domain). E;, 4 represents the
induced electromotive force in the RX loop (denoted as e;,q in
the time domain).

The relationship between the mutual-inductance model pa-
rameters and transformer model parameters is illustrated as
follows:

ng 1 O —n Ll
Lo | =01 1] (L @
L, 00 n M
Ly
=4/ 3
n i 3)

where n represents the turns ratio between the 7X and RX.

According to the physical interpretation of the transformer
model, Ly, Lo, and L,, correspond to the 7X leakage magnetic
field, RX leakage magnetic field, and coupling magnetic field,
respectively. For a parallel coupler, W,, in the active field can
be expressed as

1.,
W, = §Lmsz. 4)

By combining (1) and (4), the value of H ), (H) can be derived

as

Ly,
,UOVm

H = iLm- (&)
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Fig. 5. Relationship between iy,,,, H, and ejnq in the time domain.

By taking the derivative with respect to time (¢) on both sides
of (5), the following expression can be obtained:

dH | Ly, dipm | Ly neing
dt o ,U()Vm dt o ,U()Vm Lm

/ n
= m * €ind- (6)

Applying the Fourier transform to both sides of (6) produces
the following result:

n
jw-H=,/|——— - Ej, 7
TN oV ?

where H is the phasor domain representation of H.

Equation (7) represents a differential form of Faraday’s law of
electromagnetic induction, which states that the induced electro-
motive force is directly proportional to the rate of change of the
coupling magnetic field intensity over time. In the steady state of
a UAV-IPT system, as depicted in Fig. 5, H varies sinusoidally
in phase with iy, while remaining orthogonal to e;,,q. Further
analysis indicates that achieving a larger induced electromotive
force in the RX loop while maintaining a constant cycle time (7)
requires an increase in the amplitude of the coupling magnetic
field intensity.

In the RX loop, according to Kirchhoff’s voltage law, Ei,q
can be expressed as

Uge

Eig =112 -Re(Zg)+11o-j[Im(Zg) + wles)  (8)

Uim

where Ur, and Uy, represent the resistance voltage and re-
actance voltage in the RX loop, respectively, and their sum
constitutes Ei,q. The operator “Re” (or “Im”) represents the
real (or imaginary) part of an impedance.

When the receiver is loaded, the induced voltage generates
induced current in the RX loop. Meanwhile, the active power
consumed by Ry, corresponds to the transfer power (P;), which
is also equal to the active power consumed by Re(Z ) and can
be expressed as

1
P = 3 ‘I2Rp = = -12,Re(Zp) )

1
2
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Fig. 6. RX conventional compensation design. (a) Equivalent circuit.
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RX improved compensation design. (a) Equivalent circuit. (b) Phasor

where I and I 5 represent the maximum values of I» and Iy9,
respectively.

By combining (7)—(9), the analytical relationship between H
and P, is derived as follows:

H— 2nP; - [Im(Zg) + wlsoy — jRe (Zg)] i
ﬂOVmsz Re (ZE)

(10)
where (i1, represents the phase angle of I 15 (assuming ;0 =
0 for subsequent analysis).

C. Proposal of Improvement

In the conventional design widely used for UAV-IPT sys-
tems, the RX compensation network is configured to ensure that
Im(Z ) remains equal to -wLs and is unaffected by variations
in Rg. As shown in Fig. 6(a), jwLs, and jIm(Z ) are connected
in series, which can be represented as a series capacitor.

For the conventional design, the induced electromotive force
(Eind_con) can be calculated from (8) and is presented in (11).
The coupling magnetic field intensity (H coy) is derived from
(10) and detailed in (12). The phasor relationship between
Eina con and H ¢, is illustrated in Fig. 6(b)

URe Ulm
—— WM
Eing con =Ir2-Re(Zg)+ 112 - (—J T) (1)
2nP; [*% — jRe (ZE)]
HfCon = p) . . (12)
o Vinw? M Re (ZE)

This article proposes an improved design illustrated in
Fig. 7(a), where the RX compensation network is structured to
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ensure that Im(Z ) equals -wLo, and is unaffected by changes
in Rg. Here, jwLo, and jIm(Zg) cancel each other out, which
can be equivalent to a short circuit.

For the improved design, the induced electromotive force
(Eina_tmp) can also be calculated from (8) and is presented in
(13). The coupling magnetic field intensity (H 1y,;,) is derived
from (10) and detailed in (14). The phasor relationship between
Eind_tmp and H 1y}, is shown in Fig. 7(b)

URe Ulm
—
Eindimp = Iz2 - Re (Zg) +1p2 - jO (13)
Mo _ [ 2P —iRe(Zp) 0
P\ woViw? M\ /Re (Zg)

To ensure the fairness of the analysis, P; of the improved
design is same as that of the conventional design. By comparing
(12) and (14), the following conclusion can be drawn:

wM

|H Conl
_ — n l>1=H < H s
|H_Imp| 7Re (ZE) * ‘ ,C0n| | ,Imp‘ (15)

Equation (15) indicates that the magnetic field intensity of the
improved design is lower than that of the conventional design at
an equivalent power level. Comparing Figs. 6(b) and 7(b) reveals
that the reduction in stray magnetic fields is attributed to the
improved design’s ability to eliminate Uy, and thereby reduce
E;nq. As depicted in Fig. 5, a smaller induced electromotive
force corresponds to a lower magnetic field intensity.

Consequently, the proposed improvement can help designers
achieve a lower stray magnetic field distribution in a parallel
coupler without compromising its transfer power, which offers
a balanced approach to optimizing the tradeoff between high
coupling coefficient and low stray magnetic field distribution in
couplers for UAV-IPT.

III. ANALYSIS OF IMPROVED SYSTEM
A. Compensation Parameter Design

As illustrated in Fig. 8, the 7X compensation network links
the source to the 7X port, while the RX compensation network
connects the RX port to the load. U; represents the port voltage
of the source. I; represents the port current of the source. Z
represents the equivalent impedance from the source to the load.
Z 1, represents the reflected impedance of the receiver loop.
This article focuses solely on low-order compensation networks,
including T-type and S-type configurations, and proposes an
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TABLE II
RX IMPROVED COMPENSATION NETWORK

Type Network structure Parameter design
X X
T { Xy ==Xy
X Xy + Xy =-wL,,
X5

X, =-oL,,

TABLE III
TX IMPROVED COMPENSATION NETWORK

Type Network structure Parameter design
i X, + X, =-0L,
T 2
A X, = ﬁ -X;
oL

‘m

improved compensation parameter design for a low stray mag-
netic field distribution in parallel couplers. If designers aim to
employ higher-order compensation networks, they can apply the
design principles outlined in this article to derive corresponding
compensation parameter designs.

In the improved design, the RX compensation network is
configured to ensure that the following equation is satisfied to
achieve a low stray magnetic field distribution:

{Im (Zp) = —wLa,

OIlm(Zg) _
aREE =0

(16)

Based on (16), the compensation parameter design formulas
for the T-type and S-type networks are derived, as given in
Table II. X571, X22, X23, and X» represent the reactance parameters
of compensation components in the RX compensation network.

In the improved design, the 7X compensation network is
designed to ensure that the following equation is satisfied for
the load-independent ZPA operation

{Im (Zl) =0

0lm(Z1) _
ORE - 0

a7

The second equation in (17) can be transformed as follows:

O (Z,) _ 9lm(Zy) 9Zn _ 2?@#0 o (Z,) _
ORr ~  0Zr  ORp 0Zp
(18)
Based on (17) and (18), the compensation parameter design

formulas for the T-type network are derived, as presented in

Table III. X;1, X192, and X3 represent the reactance parameters

of compensation components in the 7X compensation network.

It should be noted that the S-type compensation network cannot

ensure that (17) and (18) are satisfied, and then it is not suitable

for the 7X improved compensation network.
Thus, the improved design is completed and illustrated in

Fig. 9. Multiple components with the same background color
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Fig. 9. Improved compensation parameter design. (a) T/T-type. (b) T/S-type.
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Fig. 10. Circuit of the UAV-IPT system with a CLC/CLC compensation
network.
TABLE IV
PARAMETERS OF COUPLER
Symbols Parameters Values

M Mutual inductance 93.16 uH

Ly TX inductance 130.15 uH

L, RX inductance 87.80 uH

o  Operating angular frequency 2785000 rad/s

resonate and neutralize one another. The improved design is
applicable to two types of network structures: T/T and T/S.
X711 is utilized to adjust the input impedance angle ¢(Z;) to
0° for achieving ZPA operation, or to slightly greater than 0° for
achieving zero voltage switching (ZVS).

B. ZPA Operation and Constant Output Characteristics

The improved design can be applied to various compensation
networks, such as LCC/LCC, CLC/CLC, and LCC/S. This article
takes the UAV-IPT system depicted in Fig. 10 as an example to
validate the ZPA operation and constant output characteristics
of the improved system. The operation state of this system is
as follows: Uy = 100-¢° V; P, = 500 W; and R = 16 Q. The
parameters of coupler and the compensation parameters of the
improved design are presented in Tables [V and V, respectively.

For the UAV-IPT system illustrated in Fig. 10, the voltage
gain (G,) is defined as (19), and the transconductance (G,) is

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

TABLE V
COMPENSATION PARAMETERS OF IMPROVED DESIGN

TX compensation network
Ci1 =128.59 nF
C12 = 5626 nF
L|3 = 4558 /IH

RX compensation network
Cy,=93.64 nF
C21 = 7195 nF
L23 = 3744 ,uH

8 10 12 14 16 18 20 22 24

Rg ()
(a)
2.5 — : 0.375
2k _‘Gv _.Gg ...........
TR SRR R e eeeheeade R D 0.250 ~
i 78]

R

8 10 12 14 16 18 20 22 24
Rg (Q)
(b)
Fig. 11.  Variation curves with Rg. (a) Ziy. (b) G, and G,.
defined as
|U2| ’ILL23
Gy, =— = (19)
YOy L
|12| TLL23
G, = = . (20)
7 |Ui|  RglLss

The variation curves of Z, G, and G, with R are depicted in
Fig. 11. Analyzing Fig. 11(a) shows that ((Z,) barely changes
with R g, which indicates that the improved system can achieve
a load-independent ZPA operation. Furthermore, analysis of
Fig. 11(b) reveals that G, hardly varies with Rr while G, is
directly proportional to Rz, which suggests that the improved
system with a T/T-type compensation network can achieve
a load-independent constant voltage (CV) output. It is worth
noting that the improved system with a T/S-type compensation
network can achieve a load-independent constant current (CC)
output, as can be determined through circuit analysis.

C. Stray Magnetic Field Distribution Characteristics

As illustrated in Fig. 12(a), during a UAV-IPT system
working, stray magnetic fields can interfere with the oper-
ation of the UAV’s electronic equipment. In order to sim-
plify the analysis process, this article only considers the stray
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Fig. 12.  Analysis of stray magnetic field distribution characteristics. (a) Test
area. (b) Top view of coupler in the absence of misalignment. (c) Diagram of
coupler.

magnetic field around the UAV’s electronic equipment, i.e.,
within the designated test area. The parallel coupler shown
in Fig. 12(c) is selected as the subject of analysis and its top
view is presented in Fig. 12(b). The analysis is performed
using the circuit depicted in Fig. 10, maintaining identical
source, load, and transfer power between the improved and
conventional designs.

If aUAV undergoes a typical radial misalignment, the receiver
and the landing position described in Fig. 12(a) will be separated
by adistance (denoted as y), as shown in Fig. 13. When y =0 mm,
there is no misalignment between the transmitter and receiver.
When y =20 mm, the receiver is about to exit the area covered by
the transmitter. By finite element simulation, the stray magnetic
field distribution characteristics within the range of 0 <y <
20 mm is obtained and shown in Fig. 13.

Analyzing Fig. 13 shows that the stray magnetic field intensity
of the improved design is consistently lower than that of the
conventional design within the range of 0 <y <20 mm. When
the receiver is misaligned along the y-axis, the transfer power of
the UAV-IPT system shows a downward trend and the reduction
rate of the stray magnetic field intensity also gradually decreases.
Specifically, with a misalignment of 20 mm along the Y-axis, the
improved design can reduce the stray magnetic field intensity by
40.4%. Based on these characteristics, it is evident that using the
improved design can still suppress stray magnetic fields around
the UAV’s electronic equipment in the presence of misalignment
between the transmitter and receiver.
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TABLE VI
EXPERIMENTAL PLATFORM CONFIGURATION
Parameters Part numbers or Values
DC input voltage (Vi) | 60-100 V
Operating frequency (f,) | 85 kHz
Self-resonant frequency (f;) | 85 kHz
Load resistance (R;) | 10-30 Q
Inverter MOSFETs (Q1-Qs) | IRF300P226
Rectifier diodes (D;-D,) | SBR40U300CT
TABLE VII

PARAMETERS OF MAGNETIC COUPLER

Parameters Part numbers or Values
Coil type of 7X | Planar spiral structure
Internal radius of 7X (Rina) | 60 mm
External radius of 7X (Rexq) | 142 mm
Wire diameter of TX (Dyir1) | 3.43 mm
Wire length of 7X (Lyire1) | 15.21 m

Turns number of 72X (Ny) | 24

Wire type of 7X | 0.1 mm diameter, 600-strand Litz wire
Quality Factor of TX at f. (Or1) | 139.07
Gap height (Hg,p) | about Omm
Coil type of RX | Planar spiral structure
Internal radius of RX (Rin2) | 80 mm
External radius of RX (Rexz) | 124.54 mm
Wire diameter of RX (Dyir2) | 2.62 mm
Wire length of RX (Lwire2) | 10.91 m

Turns number of RX (N>) | 17

Wire type of RX | 0.1 mm diameter, 350-strand Litz wire
Quality Factor of RX atf, (O1,) | 252.30
TABLE VIII
COMPENSATION PARAMETERS CONFIGURATION

Conventional design Improved design

X RX X RX
C;1=48.84nF | C»n=93.64nF | C,;=128.59nF | C»=93.64nF
C12: 1735 nF Cz] :2797 nF C12:56.24 nF Cz] :7191 nF
L13 = 7177 IJ.H L23 = 3744 uH L13 = 4557 IJ.H L23 = 3744 uH

IV. EXPERIMENTAL VERIFICATION
A. Experimental Setup

To verify the performance of the improved design, an experi-
mental platform for UAV wireless charging was constructed, as
shown in Fig. 14. During the experiments, the compensation net-
work structure, source, load, and transfer power in the proposed
design are kept identical to those in the conventional design. The
configuration of the experimental platform is given in Table VI.
The experimental platform’s magnetic coupler consists of two
planar spiral coils, detailed in Fig. 15. The size and inductance
parameters of the magnetic coupler are given in Table VII. The
CLC/CLC compensation network parameters of two different
designs are given in Table VIII.

The preceding analysis indicates that in the absence of mis-
alignment between the transmitter and receiver, the system’s
power transfer capability is at its peak, and the interference from
stray magnetic fields affecting UAVs is also most pronounced.
Therefore, in the experimental analysis below, only the system
operating conditions without misalignment are experimentally
studied.



7544

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 5, MAY 2025

Hpax = 22.69 A/m

Conventional
design

-40.8%

Fig. 13.  Stray magnetic field distribution characteristics.
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Fig. 14.  Experimental platform.

B. Results and Analysis

The key waveforms of the improved design under certain load
resistances are displayed in Fig. 16(a) and (b). The depicted
signals include: u; is the port voltage of the source; usy is the
port voltage of the load; and i; is the port current of the source.
By calculating the amplitude ratio and phase difference of this
signals, the following values can be obtained: input impedance
p(Zy) =~ 0°, voltage gain G, ~ 1. Similarly, the variation curves
of v(Z1), G, are presented as Fig. 17(a). Analysis of Fig. 17(a)
shows that ¢(Z; ) and G,, barely changes within the range of 10 2
<R, <301, which indicates that using the improved CLC/CLC
compensation network can achieve a load-independent ZPA
operation and CV output.

The transfer power (P;) and efficiency (denoted as 7);) from
the source to the load can be measured with a power analyzer.

>y (mm)

H [A/m]
Max: 22.694

12.000
. 10.896
10.086
9.277
8.467
7.658
6.848
6.038
5.229
4.419
3.610
2.800

Min: 2.741

Hpax = 22.36 A/m

Hpax = 12.13 A/m
e

L e

Fig. 15.  Magnetic coupler in the experimental platform. (a) Size parameters.
(b) Inductance parameters.

During the process of increasing voltage, the variation curves
of n; with the dc input voltage Vi, are presented in Fig. 17(b),
while P; of the improved design consistently remains equal to
that of the conventional design. Fig. 17(b) illustrates that 1, of the
improved design is nearly identical to that of the conventional
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Fig. 16. Experimental waveforms. (a) R, = 10 . (b) R, = 30 Q.
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Fig. 17.  Variation curves. (a) ¢(Z1) and G,. (b) P¢ and 7.

design. Specifically, when the dc input voltage is 100 V, the
improved design achieves a transfer power of 523W with an
efficiency of 96.2%.

The RX is located on the x—y plane atz =0, as shown in Fig. 18.
To verify the low stray magnetic field characteristics of the
improved design, using a EHP-200A magnetic field measuring
instrument with a 92 x 92 x 109 mm sensor to measure the x-y
plane at z = 30 cm, z = 40 cm, and z = 50 cm, respectively.
When the transfer power of the improved design equals that of
the conventional design, the magnetic field intensity is measured
using the EHP200-TS at (0, 0, 30 cm), as shown in Fig. 19(a),
(b), and (c), along with the corresponding testing conditions.
The stray magnetic field intensity distribution on the z = 30 cm,
z =40 cm, and z = 50 cm planes are shown in Fig. 20(a), (b),
(c), (d), (e), and (f).

According to the measured results, the peak values of the
stray magnetic field caused by wireless charging all appear at
the spatial center position of x = 0, y = 0. Further, at a spatial
position 30 cm away from the RX, using the improved design
described in this article can reduce the stray magnetic field by
40.3%, compared with the conventional design. Moreover, as the
distance between the measurement position and RX gradually
increases, the reduction rate of the stray magnetic field intensity
also gradually decreases.
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Stray magnetic field test.

C. Discussion

To demonstrate the superiority of the proposed design, we
compare its performance with other techniques, as given in
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TABLE IX
COMPARISON WITH EXISTING WORKS
Coupler type Citation Coupling coefficient bi\zl:;;v?l“)go:rly?iolgx Transfer power | Transfer efficiency Stray magnetic field
Wu et al. o -
[14] 0.29 In contact 87 W 84.8% 7=6.2 ¢cm/0.96 uT
ietal.
Orthogonal structure Ca[llest]a 030 In contact 500 W 90.8% z=10 cm/29 uT
Huang et al. o _
[17] 0.17 In contact 380 W 87.5% z=50 cm/1.02 uT
CarrEp]nz]et al- 0.14 A 100mm air gap 68.7 W 91% 7=10 cm/96 T
Parallel structure
War[l;zit al 0.11 A 54mm air gap 150 W 80.6% 750 cm/12 uT
This article 0.87 In contact 523 W 96.23% z=50 cm/4.17 pT

Table IX. Two anomalies in Table IX warrant attention: first,
the coupler in [14] operates at significantly lower transfer power
compared to other references, accounting for its notably low
stray magnetic field intensity; second, in [12] and [22], TX and
RX lack physical contact, unlike in other references, which ex-
plains the absence of significant coupling coefficient advantages
for these couplers.

Compared to the orthogonal structures in [14], [15], and [17],
the proposed design achieves a coupling coefficient increase

of at least 190% (relative to [17]), underscoring its ability to
retain the parallel structure’s high coupling coefficient. This
improvement allows the UAV-IPT system to deliver high-power
and high-efficiency energy transfer. In comparison to the parallel
structures in [12] and [22], the proposed design reduces the stray
magnetic field in the coupler by at least 65% (relative to [22])
while maintaining power transfer capability. The comparison
further underscores the contribution of this article. This article
proposes an improved design that achieves lower magnetic



GUAN et al.: COMPENSATION PARAMETER OPTIMIZATION OF INDUCTIVE WIRELESS POWER TRANSFER SYSTEM

13.50 12.50 11.50 10.50 9.50
b ) |

150

50
£
-
-50
-150 -
-150 =50 50 150 -150 =50 50 150
x (mm) X (mm)
(a) (b)
5y 2= 50 cm - Conventional
=50
g
.
-50
-150

-150 -50 50 150
x (mm)

©

Fig. 20.
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field distribution in a parallel coupler without compromising
power transfer, which offers a balanced approach to optimizing
the tradeoff between high coupling coefficient and low stray
magnetic field distribution in couplers for UAV-IPT.

While this article lays the groundwork for understanding the
spatial distribution and quantitative analysis of stray magnetic
fields in parallel couplers for UAV-IPT, several avenues for
future exploration remain. For example, extending the proposed
design to other near-field IPT applications could unlock new
possibilities and expand the scope of this research. Additionally,
addressing the current limitation of suppressing stray magnetic
fields at a single frequency by employing higher order com-
pensation networks could enhance system performance. Finally,
to further validate the findings presented in this article, we
recommend conducting additional experiments with T/S-type
compensation network structures, such as LCC/S, LCL/S, and
CLC/S networks.

V. CONCLUSION

In the conventional design widely used for UAV-IPT systems,
the RX compensation network is usually configured to ensure
that the RX self-inductance is precisely canceled out to zero for a
load-independent ZPA operation and constant output. However,
this approach is proven to be ineffective in achieving a low
stray magnetic field distribution by the quantitative analysis
and experimental results presented in this article. This article
proposes an improvement to the compensation parameter design
for a lower stray magnetic field distribution. Following the
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proposed improvement, designers can achieve a lower magnetic
field distribution in a parallel coupler without compromising its
transfer power. This offers a balanced approach to optimizing
the trade-off between high coupling coefficient and low stray
magnetic field distribution in couplers for UAV-IPT. Compared
to the conventional design, the improved design presented in this
article reduces the stray magnetic field around the UAV’s elec-
tronic equipment by 40.3%, while maintaining the same transfer
power. Although, this article uses the CLC/CLC compensation
network as an example, but the proposed improvement is ap-
plicable to other network structures as well. The effectiveness
of the improved design is validated through simulation and an
experimental prototype.
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