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Design and Optimization of Wide-Coupling
Nested Magnetic Coupling Mechanism

for UAV Wireless Power Transfer
Ming Xue, Yanjie Guo , Member, IEEE, Weida Xu , Yibo Gao, and Shengyan Qiu

Abstract—Within the UAV sector, wireless power transfer appli-
cations face challenges due to inaccuracies in landing positioning
and docking control, leading to misaligned docking and variable
offset ranges. The existing magnetic coupling mechanisms offer
limited power supply areas, insufficient to meet the demands of
random loads across a wide range of positions. This article focuses
on the magnetic coupling mechanism of UAV wireless power trans-
fer systems and proposes a nested UAV wireless power transfer
system for a broad coupling region to expand the power supply area
and ensure stable power distribution. Employing finite element
numerical analysis, the spatial magnetic field generated by the
nested emission module is examined, revealing the distribution
characteristics of magnetic induction intensity above the module. A
“cross-shaped” compensation coil is designed to address coupling
blind spots within the power supply area. A coupling performance
evaluation method based on optimal magnetic coupling regions is
introduced to determine the optimal parameters for the nested
magnetic coupling mechanism, along with a general expansion
process for multistage embedded coils. Furthermore, by analyz-
ing the cross-coupling state between receiving coils, the spatial
arrangement of the receiving end coils is delineated, and their
structural parameters are established. An experimental platform
for the nested UAV wireless power transfer system is constructed,
demonstrating that within the proposed optimal coupling region,
power fluctuations are less than 25%, and the magnetic coupling
mechanism provides a wide, stable, and reliable power reception
area for random loads.

Index Terms—Broad coupling region, nested magnetic coupling
mechanism, optimal coupling region, UAV wireless power transfer
system.

I. INTRODUCTION

THE UAV wireless power transfer technology is usually
based on research related to static wireless charging, and
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realizes real-time power supply to random loads by improv-
ing magnetic coupling mechanisms [1], [2], [3], compensation
topology networks [4], [5], [6], [7], and system control strategies
[8], [9], [10], [11]. Due to the real-time positional changes of
the random load with respect to the energy transmitting end,
the even distribution of magnetic fields at the transmitting end
is a prerequisite for stable operation of the receiving end. The
distribution of magnetic fields is mainly directly related to the
physical parameters and external characteristics of the magnetic
coupling mechanism. Therefore, research on magnetic coupling
structures is of great significance for the stability of the UAV
wireless charging systems [12], [13], [14], [15].

Current scholarly discourse, both domestically and interna-
tionally, is primarily concentrated on the magnetic coupling
mechanisms of dynamic wireless power supply systems, which
are categorized into long-guide rail [16], [17], one-dimensional
(1-D) array [18], [19], and 2-D array configurations [20], [21],
[22], [23]. In the long-guide rail type, the transmitter coil
typically exceeds the receiver coil in length. This design of-
fers the advantage of simplified control requirements, reduced
complexity, and lower costs. However, it is not without its
drawbacks, such as increased electromagnetic radiation and
a limited transmission range [16], [17]. To mitigate system
leakage and augment transmission efficiency, the transmitter in
a wireless power transfer system can be composed of multiple
coils arranged in a 1-D array along the direction of load move-
ment, controlled according to the load’s position. Nonetheless,
this necessitates in-depth research into derived receiving end
parameter fluctuations [18], [19], switching control mechanisms
[24], [25], and load position detection techniques [26], [27].

While 1-D array technology significantly improves system
transmission efficiency, it restricts the trajectory of load move-
ment and is ill-suited for scenarios requiring wireless power
reception at arbitrary load locations. Zhang et al. [20] introduced
a circular coil as the fundamental transmitting unit, constructing
an arrayed power transmission mechanism that, through the
superposition of physical positions of the minimum transmitting
unit, generates a stable spatial magnetic field, thereby facilitating
stable power reception over a broad range of load movement.
Xue et al. [21] addressed the power supply needs of robots
by defining partition methods for the effective coupling area,
establishing a spatial distribution pattern for a 2-D arrayed trans-
mitting module and its corresponding coil excitation conduction
mode, thus meeting the real-time power supply requirements
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Fig. 1. Schematic diagram of nested transmitting module.

across the entirety of the robot’s operational space. Tan et al.
[22] proposed a multitransmitter coupling structure based on a
hexagonal array coil, creating a uniformly distributed magnetic
flux at the transmitter through seamless stitching. Utilizing
the coupling characteristics between coils, a flexible switching
control strategy for the minimum transmitting unit is introduced,
enhancing transmission efficiency at coil boundaries compared
to circular and square array coils. Li et al. [23] presented
an array structure with a regular arrangement of bipolar and
unipolar coils, achieving natural decoupling of the two coils
and maintaining stable coupling between the transmitting array
and receiving coils during movement, ensuring a stable output
power. Despite the 2-D array wireless power transfer system
offering a substantial power supply area, challenges persist at
the transmitter, including a complex system structure, stringent
control accuracy requirements, and elevated application costs.

This article introduces a novel nested magnetic coupling
mechanism characterized by a broad coupling area, high spatial
magnetic field uniformity, and robust scalability, tailored to meet
the scenario requirements of random load positions in UAV
wireless power transfer. The mechanism ensures a continuous
and reliable power supply to the load. Initially, electromagnetic
field theory is employed to derive the 3-D spatial magnetic field
strength within the coupling field area. A general expansion
method for the nested magnetic coupling mechanism design
is defined, integrating “cross-shaped” compensation coils to
address the coupling blind spot issue. Subsequently, the sys-
tem’s optimal coupling boundary area is delineated from the
perspective of power fluctuation, with the structural parameters
of the magnetic coupling structure optimized to align with the
design objectives of optimal coupling area and receiving power
stability. Ultimately, an experimental testing platform for the
UAV wireless power transfer system is constructed to substan-
tiate that the proposed magnetic coupling mechanism maintains
high stability of system output during movement.

II. ANALYSIS OF COUPLING MECHANISM OF NESTED

MAGNETIC COUPLING MECHANISM

A. Determination of Nested Launch Module Structure

To meet the wide power supply requirements at random
locations under load, this article proposes a nested power trans-
mission module, as shown in Fig. 1. It consists of n square planar
coils of different sizes with coincident geometric centers and a
shield. The more nested coils there are, the larger the effective

Fig. 2. Coil structure simplified schematic diagram.

charging area covered by the system. This article studies the
second-level nested module as an example, which is equipped
with one lateral emission coil and an embedded emission coil,
and explores the general construction method of n-level nested
modules.

For the second-level nested module, according to Faraday’s
law of electromagnetic induction, when the currents of the lateral
emission coil and the embedded emission coil are in the opposite
direction, the magnetic field directions inside the lateral emis-
sion coil and outside the embedded emission coil can overlap
with each other. Then, a higher magnetic field intensity in the
middle region can be generated. At the same time, the reverse
magnetic field generated inside the embedded emission coil can
lower the magnetic field curve at the corresponding position
of the lateral emission coil, which makes the overall magnetic
field intensity change in the coverage area of the transmitting
coil tend to be flat, reduces the amplitude of mutual inductance
change, and increases the effective charging area. The magnetic
field is defined as being uniformly distributed if the magnetic
flux density fluctuates by less than 5% within the specified
area.

B. Calculation of Spatial Magnetic Induction Intensity for
Nested Emission Modules

To facilitate calculation, the embedded coils, outer coils, and
receiving coils are simplified, and it is assumed that the current
flows uniformly in the coil, the geometric axis of the coil serves
as the central line for the external effect of the current. The
spiral axis in the coil can be equivalent to a concentric square
structure, as shown in Fig. 2(a), where the coil turn spacing is
denoted as S0 and the Leitz wire diameter is denoted as W0. The
current flow inside the coil is shown in Fig. 2(b). The simplified
geometric model of the coil is shown in Fig. 2(c), where the
distance between the wires can be approximated as the sum of
the coil diameter and the coil turn pitch, which is donated as
S0 + W0.

Let the side length of the embedded coil, outer coil, and the
innermost single-turn coil of the receiving coil be 2a, 2b, and
2c, respectively. The side lengths of the remaining square coils
can be expressed as follows:

2ai = 2a+ 2 (i− 1) (W0 + S0) (1)

2bj = 2b+ 2 (j − 1) (W0 + S0) (2)

2ck = 2c+ 2 (k − 1) (W0 + S0) . (3)

Mathematical models are established for the ith embedded
emission coil, jth lateral emission coil, and kth receiving coil,
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Fig. 3. Mathematical model of two-stage nested magnetic coupling mecha-
nism.

as shown in Fig. 3. l1 to l8 represent the wire segments of the
transmitting coils, respectively, and the currents in the embedded
emission and lateral emission coils are denoted as I.

Point Q0 represents an arbitrary point on the plane of the
receiving coil, and the side lengths of the embedded and outer
transmitting coils are 2ai and 2bi, respectively.

According to Biot–Savart’s law, the magnitude of the mag-
netic induction produced by a finite-length straight conductor
at any point Q0 in space can be obtained as

B =
μ0

4π

∫ π−θm2

θm1

I sin θ

rm
dθ =

μ0I

4πrm
(cos θm1 + cos θm2) .

(4)
Here, rm is the distance from point Q0 to the mth straight

conductor, θm1 and θm2 are the angles between point Q0 and
the two ends of the mth conductor, and μ0 is the permeability of
vacuum. The analysis of the magnetic flux density distribution
above point Q0 on the y-axis is provided. Fig. 4 shows the cross-
sectional views of the transmission module on the xoz and yoz
planes, with the magnetic flux densities at point Q0 for each side
conductor already indicated.

Due to the parallel orientation of the plane of the receiving coil
with the xy plane, only the z-component of the magnetic induc-
tion intersects the receiving coil. According to the superposition
principle, the total magnetic induction in the z-axis direction at
point Q0 is

Bz = Bl1−z +Bl3−z −Bl5−z −Bl7−z +Bl2−z

+Bl4−z −Bl6−z −Bl8−z. (5)

Substituting (4) into (5) for simplification, the magnetic in-
duction intensity Bz in z-axis direction can be obtained as

Fig. 4. Q0 point magnetic induction intensity analysis diagram. (a) xoz section.
(b) yoz section.

Fig. 5. Variation curve of z-axis magnetic induction intensity with moving
distance at point Q0.

C. “Cross-Shaped” Compensation Receiving Structure
Design

The magnetic field distribution of the nested emission coil can
be calculated by (6) shown at the bottom of this page. Let ai =
200 mm, bi = 500 mm, the distance z in the z-axis direction of
the transmitting coil and the receiving coil equals 50 mm, I =
10 A, μ0 = 4π×10−7Tm/A. The change curve of the magnetic
induction intensity Bz with the movement distance along the
y-axis is shown in Fig. 5.

According to Fig. 5, it can be seen that when the Y-offset
distance is moved to −20 cm or 20 cm, the z-axis component

Bz =
μ0I

2π

⎡
⎢⎢⎢⎢⎢⎣

ai−y
(ai−y)2+z2

ai√
ai2+(ai−y)2+z2

+ ai+y

(ai+y)
2+z2

ai√
ai2+(ai+y)

2+z2

− bi−y
(bi−y)2+z2

bi√
bi

2+(bi−y)2+z2
− bi+y

(bi+y)
2+z2

bi√
bi

2+(bi+y)
2+z2

⎤
⎥⎥⎥⎥⎥⎦+

μ0I

2π

⎡
⎢⎢⎢⎢⎣

2ai+x

(ai+x)
2+z2

⎛
⎝ ai+x−y√

(ai+x)
2+(ai+x−y)2+z2

· ai+x+y√
(ai+x)

2+(ai+x+y)
2+z2

⎞
⎠

− 2bi
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2+z2

(
bi−y√

bi
2+(bi−y)2+z2

− bi+y√
bi
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2+z2

)
⎤
⎥⎥⎥⎥⎦ . (6)
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Fig. 6. Variation curve of y-axis magnetic induction intensity with offset
distance at point Q0.

of magnetic induction at Q0 is zero and the magnetic induction
cancels each other out at this point, which is the coupling blind
spot. When the distance is within the range of [−20 cm, 20 cm],
the magnetic induction is a positive value, and the numerical
value of the magnetic induction fluctuates to a certain extent
in most intervals. Therefore, it is necessary to design the size
of the transmitting coil and the structure of the receiving coil
reasonably to meet the requirements of uniform distribution of
the magnetic field generated by the transmitting coil and stable
distribution of the received power.

Further analysis is carried out on the magnetic induction inten-
sity of point Q0 in the x/y-axis direction. Due to the symmetry
of the geometric structure, the variation law of the magnetic
induction intensity in the x/y-axis direction at point Q0 is the
same. Therefore, only the y-axis direction is studied here. Since
the wires l2, l4, l6, and l8 are parallel to the y-axis, there is no
component in the y-axis direction at point Q0. Therefore, the
magnetic induction intensity in the y-axis direction at point Q0

is provided by the wires l1, l3, l5, and l7, and the expression is

By = Bl1 � sin θl1 +Bl7 � sin θl7 −Bl3 � sin θl3
−Bl5 � sin θl5. (7)

The change curve is shown in Fig. 6. Since both transmitting
coils are symmetric about the origin, the distribution of the
magnetic field on both sides of the center point is of the same
magnitude but opposite in direction. When y is in the range of
[0, 50 cm], the magnetic induction intensity in the y-direction
at point Q0 shows an increasing trend followed by a decreasing
trend. The magnetic induction intensity reaches its maximum at
y = 20 cm when the magnetic fields superimpose each other.

Using finite element simulation software, spatial magnetic
field analysis was conducted for Bz and By. The simulation
results are shown in Fig. 7, and they are consistent with the
theoretical analysis results.

According to the analysis of the spatial magnetic field men-
tioned above, when the receiving and transmitting coils are in
a facing state, the magnetic induction intensity only intersects
in the z-direction. When the component in the z-direction is
zero, the magnetic induction intensity reaches its maximum in

Fig. 7. Simulation curves of the variation of z-axis and y-axis magnetic
induction with offset distance at point Q0.

Fig. 8. “Cross-shaped” compensation receiving structure.

the x/y-directions. Therefore, the coupling effect of the planar
receiving coil in a certain area can be compensated by coupling
the x/y-directional magnetic fields with the compensation coil.

Based on the aforementioned circumstances, a “cross-shaped”
compensation coil structure is proposed and integrated into the
magnetic coupling mechanism to capture the magnetic flux
density components along the x or y axes, thereby addressing
the coupling blind spot issue. The overall receiving mecha-
nism consists of two parts: 1) a planar receiving coil and 2)
a “cross-shaped” compensation coil, as shown in Fig. 8. The
planar receiving coil utilizes a planar square spiral coil structure
that intersects with the longitudinal magnetic field. The com-
pensation coil is composed of four-square spiral coils, with two
compensation receiving coils on the same axis being wound in
the same direction on a ferrite core with a single conductor,
each intersecting with the magnetic field along the x and y axes,
respectively. This design ensures academic and professional
integrity.

D. Analysis of Magnetic Coupling Mechanism Circuit Model

The equivalent circuit model of the two-stage nested magnetic
coupling mechanism is shown in Fig. 9. The transmitter side
consists of two serially connected transmitting coils, and the
receiver side consists of a planar receiving coil and a com-
pensation coil connected in parallel. Lf is the compensating
inductance on the transmitter side, Cs1 and Cs2 are the com-
pensation capacitors on the transmitter side, and Cs3, Cs4, and
Cs5 are the compensation capacitors on the receiver side. The
input voltage of the high-frequency ac power supply is V, L1,

and L2 represent the external and embedded transmitting coils,
respectively, L3 represents the planar receiving coil, L4 and L5
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Fig. 9. System equivalent circuit diagram.

represent the compensation receiving coils parallel to the x-axis
and y-axis, respectively, R is the total internal resistance of the
transmitter coils, R3–R5 represent the internal resistances of the
respective receiving coils, and RL is the load. Since the three
receiving coils are orthogonally positioned in space, the coupling
degree between any two receiving coils is approximately zero.
To simplify the calculations, the mutual inductance between the
receiving coils is assumed to be zero.

To ensure efficient transmission, the system should reduce
reactive power loss and meet the zero-phase angle operation.

The resonance conditions that the system should meet are

ω =
1√

CS1Lf

=
1√

CS2 (L1 + L2 − 2M12 − Lf1)

=
1√

CS3L3

=
1√

CS4L4

=
1√

CS5L5

. (8)

Further calculations can be made for the output power of the
transmitting side power supply Pin, the output power of the
planar receiving coil on the load Pout-z, and the output power of
the receiving compensation coil on the load Pout-x and Pout-y,
which are

Pin = V 2ω2C2
s1

[
R− ω2

(
(M13−M23)

2

R3+RL
+ (M14−M24)

2

R4+RL

+ (M15−M25)
2

R5+RL

)]

(9)

Pout−z = I23RL = V 2C2
s1ω

4RL

(
M13 −M23

R3 +RL

)2

(10)

Pout−x = I24RL = V 2ω4C2
s1RL

(
M14 −M24

R4 +RL

)2

(11)

Pout−y = I25RL = V 2ω4C2
s1RL

(
M15 −M25

R5 +RL

)2

. (12)

Fig. 10 shows the system output power and mutual induc-
tance fluctuation curves at the receiver side when it is moved
along the x-axis, y-axis, and diagonal directions. According to
(10), (11), (12), and Fig. 10, it can be observed that there is
a direct proportionality between mutual inductance and output
power. Therefore, the output power curve for the y-axis direction
movement is chosen for analysis.

Fig. 10. Migration direction and power and mutual inductance change curve
with migration distance. (a) Mobile diagram. (b) X-axis movemen. (c) Y-axis
movement. (d) Diagonal movement.

When the receiver coil is located at the center position of the
transmitter coil, the output power reaches a minimum value but
can remain stable within a certain range. When the receiver coil
is moved to the edge of the embedded transmitter coil, the output
power of the planar receiver coil Pout-z, gradually decreases to
zero, while the output power of the compensation coil Pout-y,
increases to its maximum value. This validates the effectiveness
of the “cross-shaped” compensation coil in eliminating coupling
blind spots and enlarging the stable operating area of the system.

Based on the abovementioned analysis, it can be concluded
that the variations in the output power and mutual inductance of
the receiver coil are consistent with the theoretical analysis of the
Bz variation trend. Moreover, the variations in the compensated
receiver coil’s port output power and mutual inductance are
consistent with the theoretical analysis trend of By. This further
demonstrates that the magnetic coupling mechanism proposed
in this article can meet the system’s operational requirements
within a significant range of movement.

III. PERFORMANCE OPTIMIZATION METHOD FOR

TWO-NESTED MAGNETIC COUPLING MECHANISM

A. Magnetic Coupling Stability Region Definition and
Division Criteria

The equivalent circuit model of the magnetically coupled
system is shown in Fig. 11. Since the system’s transmission
efficiency is a key parameter for evaluating the efficiency of
wireless power transfer to a mobile load, it is necessary to
solve for the effective magnetic coupling area to determine the
high-efficiency power reception area for the mobile load, which
can be obtained from the formula for the transmission efficiency
of the magnetic coupling system

η =
ω2M1L

2RL

R1(Rp +RL)
2 + ω2M1L

2(Rp +RL)
. (13)
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Fig. 11. Equivalent circuit of magnetic coupling system of square transceiver
coil.

From (13), it can be seen that the transmission efficiency in a
specific system is mainly related to the mutual inductance and
load impedance. To achieve maximum transmission efficiency,
the derivative of the load impedance RL is taken to obtain the op-
timal state of load impedance matching. The system parameters
must meet the conditions, as shown in

dη

dRL
=

M2
1Lω

2 −M2
1Lω

2RL (2R1 (Rp +RL))(
R1(Rp +RL)

2 +M2
1Lω

2 (Rp +RL)
)2 . (14)

To solving for the optimal load matching condition, set (14)
equal to 0, and the result, as shown in (15). When the load meets
this condition, the system can operate at maximum efficiency

RL = Rp

√
1 + ω2M2

1L

/
(R1Rp). (15)

From (15), it is evident that the optimal load value for efficient
dynamic wireless power transfer to a mobile load is primarily
related to ω2M1L

2/R1Rp, which is defined as the load matching
factor and represented by the symbol ξ. By substituting (15)
into (13), the expression for the system’s transmission efficiency
under optimal load conditions can be obtained

η =
ξ

2(1 + ξ)1/2 + ξ + 2
. (16)

From (16), it can be inferred that under optimal load con-
ditions, the transmission efficiency is solely dependent on the
load matching factor ξ. Provided that the quality factors of the
transmitter and receiver coils remain constant, the variation of
the load matching factor during the movement of the mobile load
is primarily determined by the coupling coefficient. Since the
coupling coefficient k1L varies in real-time with the movement
of the mobile load, it causes fluctuations in the optimal load
value, thereby preventing the system from stably operating at
the point of maximum efficiency. The load matching factor ξ is
expressed in terms of the coupling coefficient k1L, the quality
factor of the transmitter coil Q1, and the quality factor of the
receiver coil QL, as shown in

ξ = k21LQ1QL. (17)

Using MATLAB software to analyze the relationship between
transmission efficiency and the load matching factor ξ in (16)
is depicted in Fig. 2. The results indicate that when the load
matching factor ξ is less than 200, the transmission efficiency
is relatively low and decays rapidly. When ξ exceeds 200, the
transmission efficiency is greater than 85% and changes more

Fig. 12. Relation curve between load matching factor and transmission
efficiency.

slowly, with minor fluctuations having a smaller impact on the
transmission efficiency.

Using the coupling coefficient at the transmitter and receiver
ends expressed by mutual inductance and self-inductance of
the coils, and through (17), the ratio of the load matching
factor before and after the movement of the receiver coil can
be obtained

ξ′

ξ
=
k′21L
k21L

=
M ′2

1L

M2
1L

. (18)

In (18), it is assumed that the load matching factors before and
after the movement of the receiver coil, as well as the mutual
inductance and coupling coefficients of the magnetic coupling
system, are represented as ξ and ξ’, M1L

2 and M’1L2, and k1L2

and k’1L2, respectively.
From (18), it can be deduced that the fluctuation of the load

matching factor can be characterized by the rate of change of the
mutual inductance in the magnetic coupling system. Combined
with the results shown in Fig. 12, when the load matching
factor ξ is greater than 200, even with minor fluctuations, a
high transmission efficiency can be achieved. Therefore, under
the condition that the transmitter and receiver coils have high
quality factors, by limiting the fluctuation range of the mutual
inductance parameters, efficient power reception during the
movement of the mobile load can be realized.

Based on the aforementioned theoretical analysis, the time-
varying mutual inductance is used as a parameter to delineate
the effective magnetic coupling area. Let the mutual inductance
value when the axes of the transmitter and receiver coils coincide
be the standard value Msaver. Considering the system’s good
output power stability and resistance to offset, the fluctuation
range of the time-varying mutual inductance deviating from
the standard value by ±25% is set, i.e., the normalized mutual
inductance values of 0.75 and 1.25 are taken as the lower and
upper boundaries of the effective magnetic coupling area. The
area enclosed by these boundaries is the effective magnetic
coupling area at that transmission distance. When the receiver
coil continues to deviate from the origin, and the deviation of
the mutual inductance value exceeds the set upper and lower
boundaries, it will no longer meet the requirements for efficient
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Fig. 13. Diagram of optimal coupling region.

wireless power reception of the mobile load. This area is referred
to as the ineffective magnetic coupling area.

B. Coupling Performance Evaluation Method

During the operation of the system, the output power at the
receiver end is required to meet the amplitude and stability
requirements. Typically, the center of the rectangular coil is the
maximum received power. In the system designed in this article,
the value of the central region of the emission coil is relatively
low due to the inverse compensation effect of the embedded
emission coil. Based on this, the received power Pbase at the
position where the geometric centers of the transmitting and
receiving coils coincide is taken as the reference value. It is
further defined that the set of all positions of the receiver coil,
projected within the plane of the transmitting module, which
have power fluctuations of less than 25% when the receiver coil
moves in any direction, is referred to as the optimal coupling
region. We define the stable operating region as the output power
fluctuation range less than 25%, as shown in Fig. 13. Assuming
the circular blue region S represents the optimal coupling region,
Pvalid represents the power value of the receiver coil within
the optimal coupling region, and Pinvalid represents the power
value when the receiver coil moves outside the optimal coupling
region. According to the specified conditions, the power value
Pvalid for stable operation of the load should satisfy the following
equation in relation to the reference value Pbase:

0.75Pbase ≤ Pvalid ≤ 1.25Pbase. (19)

C. Optimization of Physical Parameters of Nested Launch
Module

The physical parameters of the outer transmitting coil in a
nested transmitter module structure primarily depend on the
specific application requirements for the power supply area.
However, the design of the receiver coil parameters is usually
strictly limited by the type of load. In the following example, we
will discuss the optimization design of the parameters for a two-
level nested transmitter module and explore general methods
for the design of parameters for multi-level nested transmitter
modules.

Assuming the dimensions of the outer transmitting coil are
1000×1000 mm2 and the dimensions of the planar receiver coil

Fig. 14. Variation of magnetic induction intensity with offset distance.

are 200×200 mm2, we will vary the value of the edge length
(2a) of the embedded transmitting coil and analyze the magnetic
induction intensity variation of point Q0 along the z-axis for
different values.

As shown in Fig. 14, as the size of the embedded transmitting
coil increases, the magnetic induction intensity in the central
region gradually decreases, and the depth of the depression
at the center point increases. However, the overall value of
the magnetic induction intensity in the edge region gradually
increases. To ensure a stable distribution of the magnetic field
in the region above the transmitter module, it is desirable to
maximize the size of the embedded transmitting coil while
ensuring that the mean values of the magnetic induction intensity
in the regions on both sides of the coupling blind spot are similar.
In Fig. 14(b), the overall mean value of the magnetic induction
intensity in the edge region is maintained at around 25 μH, and
the corresponding range of values for the size of the embedded
transmitting coil in the [150 mm, 200 mm]

Assuming the receiver coil has a side length of 200 mm, the
outer transmitting coil has a side length of 1000 mm, the coupling
distance is 50 mm, the amplitude of the ac input voltage is 50 V,
and the resonant frequency is 85 kHz. The initial value of the
edge length of the embedded transmitting coil is 300 mm, and
it gradually increases in steps of 10 mm during the variation
process, while keeping the number of turns and turn spacing of
the coil constant. Based on the above method, we explore the
output power and the area of the optimal magnetic coupling
region during the movement of the receiver coil in different
directions, and further determine the size of the embedded
transmitting coil.

Fig. 15 shows the mapping relationship between different
physical sizes of the embedded coil and the received power. From
the results, it can be observed that as the size of the embedded
transmitting coil increases, the overall power distribution in both
the central and peripheral regions of the embedded transmitter
module gradually approaches each other. However, at the same
time, the fluctuation of power in the geometric center region also
increases. Further analysis is needed to determine the require-
ments for power fluctuation limitations.

The maximum fluctuation rate of the received power in the
central region can be calculated. According to the definition
of the optimal coupling region, the following relationship is
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Fig. 15. Change of load receiving power under different embedded coil sizes.

TABLE I
λ1, λ2, AND D VALUES UNDER DIFFERENT EMBEDDED COIL SIZES

obtained:{
λ1 = |Pmax1−Pbaseline|

Pbaseline
, λ2 = |Pbaseline−Pmax2|

Pbaseline

λ1 ≤ 0.25, λ2 ≤ 0.25
. (20)

λ1 and λ2 represent the power fluctuation rates in the central
and edge regions, respectively, while Pmax1 and Pmax2 represent
the maximum received power in the central and edge regions,
respectively. Besides, D is defined as the radius of the movement
region that satisfies the power requirement in (20). Table I
presents the values of key parameters for different sizes of the
embedded coil.

By observing the data in the table, it can be seen that when
the value of 2a is within the range [380 mm, 400 mm], the
power fluctuation rates in the central and edge regions of the
system satisfy the power fluctuation range defined by the optimal
coupling region. Taking the value of 2a as 400 mm, the maximum
power fluctuation rates in the central and edge regions of the
system are 23.15%, which meets the design requirements men-
tioned earlier. The corresponding effective movement distance
D is at its maximum value of 586.8 mm, with the embedded
transmitting coil size being 400 × 400 mm2.

By observing the data in the table, it can be seen that when
the value of 2a is within the range [380 mm, 400 mm], the
power fluctuation rates in the central and edge regions of the
system satisfy the power fluctuation range defined by the optimal
coupling region. Taking the value of 2a as 400 mm, the maximum
power fluctuation rates in the central and edge regions of the
system are 23.15%, which meets the design requirements men-
tioned earlier. The corresponding effective movement distance

Fig. 16. Nested emission module magnetic field direction.

D is at its maximum value of 586.8 mm, with the embedded
transmitting coil size being 400 × 400 mm2.

D. Analysis of Cross-Shaped Coupling Effects Between Coils

A nested wireless power transfer module is composed of
multiple square planar coils of different sizes, with their geo-
metric centers aligned along the same axis. When an alternating
current is applied to any of the coils, the generated magnetic
field will intersect with another coil, resulting in cross-coupling
between the coils and affecting the coupling efficiency between
the transmitter and receiver coils.

Fig. 16 illustrates the flow of the spatial magnetic field gen-
erated by the nested transmitter module. L1 and L2 represent
the two transmitter coils, while I1 and I2 represent the currents
flowing through them. The magnetic flux passing through any
transmitter coil should be the sum of its self-inductance flux and
mutual inductance flux. Assuming that the magnetic flux passing
through the regions occupied by transmitter coils 1 and 2 are Ψ1

and Ψ2, respectively, the following equations can be derived{
ψ1 = L1I1 −M12I2

ψ2 = L2I2 −M12I1
. (21)

From (21), M12 represents the mutual inductance between two
transmitting coils. The equivalent self-inductance after consid-
ering cross coupling between coils is{

L′
1 = ψ1

I1

L′
2 = ψ2

I2
.

(22)

According to (21) and (22), it can be seen that when there is
mutual inductance between two transmitting coils with opposite
current phases, the magnetic flux passing through the circuit
where the coils are located will decrease, thereby reducing the
equivalent self-inductance value of the coils.

Fig. 17 shows the distribution of transferred power and effi-
ciency before and after considering cross-coupling in the system.
It can be observed from the Fig. 17 that the overall efficiency of
the system significantly improves when cross-coupling is taken
into account, while the transferred power remains almost un-
changed. The cross-coupling between the transmitter coil units
affects the equivalent self-inductance of adjacent coils, which
makes traditional high-order compensation topology parameter
design methods unable to operate the system at the resonant
state. Additionally, cross-coupling between coil units generates
reactive circulating currents, leading to a decrease in the overall
efficiency of the system. Furthermore, the LCC-S high-order
resonant compensation network can maintain a constant cur-
rent characteristic for the transmitter coil, allowing the system
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Fig. 17. System power and efficiency distribution before and after the consid-
ering cross-shaped coupling.

Fig. 18. Stable expansion method of nested transmitting module.

output power to be unaffected by cross-coupling. Therefore,
the compensation parameters of the two transmitter coils need
to be optimized to achieve decoupling and maintain a higher
transmission efficiency for the system.

E. General Expansion Methods for Nested Launch Module
Design

In the design of multilevel nested transmission modules, the
specific number of nested coils is directly related to the size of the
power supply area, which is determined by the specific operating
scenario of the load [28]. The design method should possess
generality and scalability, which is called the table expansion
method of bested transmitting module in this article. Fig. 18
presents a general method for stable expansion of multilevel
nested transmission modules, which consists of three steps as
follows.

Fig. 19. Receiver coil magnetic field distribution. (a) yoz-Schematic diagram.
(b) xoy-Schematic diagram.

Step 1: Determine the dimensions of the outermost transmit-
ting coil. The size of the outermost transmitting coil should
match the size of the system’s power supply area. Based on
the required power level of the system, the physical parameters
of the coils are designed progressively from the outermost to the
innermost coil.

Step 2: Optimize the dimensions of the nested coils. By taking
advantage of the weakening effect of the magnetic field in the
central area and the strengthening effect in the edge area of the
two coils with opposite current phases, the transmitting coils are
nested progressively. The magnetic induction intensity gradually
increases from the edge area to the central area, and the physical
parameters of each nested coil level are optimized to ensure that
the overall magnetic field induction intensity fluctuates within a
specified range.

Step 3: Decoupling design between transmitting coils. In
order to achieve efficient transmission in the system, the resonant
conditions of the compensation topology for the transmitting
end are rederived based on the equivalent circuit model of
cross-coupling between transmitting coils. The compensation
circuit parameters are optimized to achieve decoupling between
the transmitting coils.

IV. OPTIMIZATION OF RECEIVING COIL STRUCTURE

A. Analysis of the Influence of Cross-Shaped Compensation
Coils on Coupling Performance

The “cross-shaped” compensation coil solves the issue of
blind spots by coupling the magnetic fields in the x- and y-
directions. However, due to the different cross-coupling effects
between the compensation coil and the planar receiving coil,
it is necessary to analyze the impact of the “cross-shaped”
compensation coil on the coupling performance of the system.

The planar receiving coil and the compensation receiving coil
are spatially orthogonal, so the main magnetic flux generated
by each coil does not intersect with the other receiving coils.
Fig. 19(a) illustrates the magnetic field distribution in the yoz
plane between the receiving coil and the y-axis compensation
coil. Here, Z’ is the geometric axis of the planar receiving
coil, y1 and y2 are two points symmetrically positioned on the
compensation receiving coil with respect to the geometric axis.
The planar receiving coil produces a y-axis magnetic field at y1
and y2, with equal magnitudes but opposite directions, given by

By1 +By2 = 0. (23)
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Fig. 20. Curve of the power of coil at the receiving end with the offset distance.

Since the compensation coil coincides with the geometric
center of the planar receiving coil and is symmetric with respect
to the geometric axis, the sum of the y-axis magnetic fields
generated by the planar receiving coil in the region where
the compensation coil is located is zero. Therefore, the planar
receiving coil does not affect the compensation coil. Due to
the structural symmetry, the total magnetic flux passing through
the compensation coil by the receiving coil is almost zero,
which means there is no cross-coupling between the two coils.
Similarly, analyzing Fig. 19(b), we can observe that the geomet-
ric centers of the two coils coincide and are perpendicular to
each other, resulting in almost zero magnetic field intersecting
between the two coils.

To verify the correctness of the above analysis, we take the
receiving coil and the y-axis compensation coil as an example.
The receiving coil is positioned above the geometric center of
the transmitting end, and the position of the planar receiving
coil is fixed. The “cross-shaped” receiving compensation coil
is gradually moved along the y-axis to analyze the distribution
characteristics of the received power.

The change in received power with the distance of movement
is analyzed, as shown in Fig. 20. It can be observed that as
the distance of movement increases, the power of the receiving
coil gradually decreases, while the power of the y-axis compen-
sation coil gradually increases. The power value of the x-axis
compensation coil remains zero. Therefore, when the y-axis
compensation coil moves, the total magnetic flux within the
planar receiving region is no longer zero. Its influence due to
cross-coupling increases with the increase in the distance of
movement, resulting in a gradual decrease in the received power
of the planar receiving coil. On the other hand, the x-axis com-
pensation receiving coil remains symmetric about the Z’-axis.
The sum of the magnetic fields in the x-axis component within
the region does not contribute to cross-coupling with the planar
receiving coil.

In summary, to prevent the effects of cross-coupling between
the receiving coil and the compensation coil, it is necessary to
ensure symmetry of the compensation coil with respect to the
geometric center axis of the receiving coil. Additionally, con-
sidering the structural characteristics of the compensation coil
itself, the geometric center of the “cross-shaped” compensation

Fig. 21. Receiver coil diagram. (a) Vertical view. (b) Side view.

coil should coincide with the geometric center of the planar
receiving coil.

B. Optimization of Structural Parameters for the
“Cross-Shaped” Receiving Compensation Coil

When the circuit parameters and coil structure on the trans-
mitting side are fixed, the received power of the compensation
coil is mainly influenced by its own parameters. As shown in
Fig. 21, the spatial structure of the receiving coil is a square
planar coil with a side length of 200 mm. In the Fig. 21, w
represents the width of a single compensation coil, l represents
the length of the compensation coil, h represents the thickness
of the compensation coil, and S represents the cross-sectional
area of the compensation coil.

According to Faraday’s law of electromagnetic induction

E = − n
dΦ

dt
(24)

Φ =

∫∫
S

B � ds =
∫
S

Bp−y � dxdz (25)

where Φ represents the magnetic flux generated by the trans-
mitting module within the compensation coil, n is the number
of turns of the coil, and E is the induced electromotive force at
the two ends of the coil. From (24) and (25), we can see that
the induced electromotive force E is positively correlated with
the number of turns of the coil and the cross-sectional area S of
the coil. Furthermore, the receiving coil should be miniaturized
and lightweight as much as possible, with a fixed thickness of the
ferrite material used for matching the compensation coil set to
3 mm. The compensation coil should be tightly wound to ensure
that the thickness h remains constant, and its length should
not exceed the length of the receiving coil. The cross-sectional
area S of the coil is mainly determined by the width w of the
compensation coil, while the number of turns of the coil is mainly
determined by the length l of the compensation coil. By changing
the values of the parameters w and l, the distribution of power in
the compensation coil under different structural parameters can
be investigated.

Figs. 20 and 22 show the variation curves of the received
power at the receiving end with the movement distance under
different lengths and widths of the compensation coil. It can be
seen that the received power of the “cross-shaped” compensation
coil first increases and then decreases, with the extreme point
occurs near a travel distance of 200 mm. The overall power
distribution is basically consistent with the analysis results of
the magnetic induction intensity in the y-axis direction in Fig. 6.
Additionally, the power of the “cross-shaped” compensation
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Fig. 22. Received power distribution under different compensation coil
lengths. (a) Power of each coil. (b) Total power.

Fig. 23. Received power distribution under different compensation coil
widths. (a) Power of each coil. (b) Total power.

coil complements the received power without the compensation
coil, proving that the “cross-shaped” compensation coil can
effectively solve the blind spot coupling problem. Furthermore,
Fig. 22(b) shows that the overall power of the compensation
receiving coil increases with the length of the coil. When the
length of the compensation coil is 190 mm, the overall power
fluctuates the least and satisfies the optimal power fluctuation
range in the coupling area. Therefore, a compensation coil
length of 190 mm is chosen, and the compensation coil width is
optimized based on this. Fig. 23(b) shows the overall received
power variation curve with the movement of the receiving end
when the compensation coil length is 190 mm and the width
varies. It is evident that as the width of the compensation coil
increases, the level of indentation in the received power within
the [10, 30] cm movement range gradually decreases. When the
width of the compensation coil is 50 mm, the overall power
meets the definition of the optimal coupling area. Hence, it
is determined that the length (l) of the compensation coil is
190 mm, the width (w) is 50 mm, and the thickness (h) is 8 mm.

V. EXPERIMENTAL STUDY

A. Nested UAVs Wireless Power Supply Experimental Platform

The experimental platform for the nested UAVs wireless
power transfer system is set up, as shown in Fig. 24. The outer
coil has a side length of 1000 mm, while the inner embedded
coil has a side length of 400 mm. Both coils are wound with a
single strand of Litz wire, consisting of 10 turns. The Litz wire
used has a diameter of 2.5 mm, and the spacing between turns is
1 mm. The receiving coil has a side length of 200 mm, and the
compensation coil is tightly wound around the “cross-shaped”
ferrite core, with 40 turns. The relative permeability μr of the

Fig. 24. Experimental platform of nested UAVs wireless power supply system.

Fig. 25. Coupling coil winding physical diagram. (a) Transmitting coil.
(b) Receiving coil.

TABLE II
COUPLING COIL PARAMETERS

ferrite is 3300. The receiving coil and the compensation coil
are placed in a position where their geometric centers align, as
shown in Fig. 25(b).

The experimental parameters are set to be consistent with
the simulation parameters. However, due to the manual wind-
ing of the coupling coils, there are some differences in self-
inductance compared to the simulation parameters. Therefore,
further matching of resonance parameters is needed. The param-
eters of the coupling mechanism in the experiment are shown in
Table II. Fig. 26 shows the waveforms of the input voltage Vin,
input current If, rectified input voltage Vout, and current I4 at the
geometric center position as well as at the blind spot of coupling.
It can be observed from Fig. 26 that the phase angles of the input
and output voltage and current are close to 0, indicating that the
system is operating in a resonant state.
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Fig. 26. System input and output waveform. (a) At the geometric center point.
(b) At the coupling blind spot position.

Fig. 27. Variation diagram of surface receiving coil power with offset distance.
(a) Lateral movement. (b) Diagonal movement.

B. Nested Launch Module Power Supply Area Testing

By keeping the position of the transmission module fixed, the
receiving end is moved along the horizontal and diagonal direc-
tions from the geometric center point, with movement distances
of 500 mm and 500 mm, respectively. The experimental results
are shown in Fig. 27.

Fig. 27 shows the power fluctuation curves of the planar
receiving coil at different movement distances. P1 and P2 rep-
resent the simulated and experimental results of the received
power when the receiving end is at the geometric center point
of the transmitting coil. It can be observed that both the central
area and the edge area above the transmission module meet the
requirements of the optimal coupling area. The errors in the
effective horizontal and diagonal movement distances compared
to the experimental values are 8.6% and 3.2%, respectively.
The change trend of the received power at the receiving end

Fig. 28. Variation of received power with offset distance after adding com-
pensation coil. (a) Lateral movement. (b) Diagonal movement.

is consistent with the simulation results, demonstrating that
the embedding method of the transmission coil can expand the
power supply area of the system.

C. Experimental Testing of the Effect of the “Cross-Shaped”
Compensation Coil

To validate the effectiveness of the “cross-shaped” compen-
sation coil in addressing the blind spot coupling issue, a spatial
structure with a square planar coil nested inside a “cross-shaped”
compensation coil is used at the receiving end. The position of
the transmission module remains fixed, while the receiving end
is moved along the horizontal and diagonal directions from the
geometric center point. The experimental results are shown in
Fig. 28.

The power fluctuation curves of the receiving end with the ad-
dition of the compensation coil at different movement distances
are analyzed, as depicted in Fig. 28. It can be observed that the
power dip at the receiving end is significantly improved with the
addition of the compensation coil. The fluctuation amplitude of
the load power is relatively small throughout the entire move-
ment process, and the power values meet the requirements of the
optimal coupling area. The experimental test yields an effective
horizontal movement distance of 402.4 mm, with an error of
2% compared to the simulation results. The effective diagonal
movement distance is 586.3 mm, with an error of 1% compared
to the simulation results. The results demonstrate that the planar
“cross-shaped” compensation coil effectively solves the blind
spot coupling issue at the transmitting and receiving ends.

VI. CONCLUSION

In this study, we have conducted research on the magnetic
coupling mechanism of UAVs wireless power transfer systems
to meet the demand for power supply to loads in a wide range
of randomly positioned locations. We proposed a nested UAVs
wireless power transfer system. First, we established a mathe-
matical model for the nested magnetic coupling mechanism. By
applying electromagnetic field theory, we obtained the magnetic
field distribution characteristics in the space above the nested
transmission module, and based on these characteristics, we
proposed the “cross-shaped” compensation receiving coil to
eliminate the coupling blind spots in the system. Second, we
proposed an evaluation method for the optimal coupling area and
used it as the basis for optimizing the parameters of the nested
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transmission coil and “cross-shaped” compensation receiving
coil. Finally, an experimental platform for the nested UAVs
wireless power transfer system was built, and the effectiveness
of the nested transmission module’s power supply area and
the “cross-shaped” compensation receiving coil in addressing
the blind spot coupling issue was verified through experiments
involving the movement of the receiving end. The results showed
that the nested magnetic coupling mechanism can provide a
large range of stable and reliable power supply area, meeting the
power supply requirements of moving loads over a large area.
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