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Abstract—Free-positioning is one of the challenges for different
wireless power transfer applications, from consumer electronics
to industrial electronics. Misalignment leads to weak magnetic
coupling and reduces the output capacity. However, much re-
search focuses on the misalignment of the two-dimensional plane;
once the transmission distance changes, the anti-misalignment
capability will be weakened, and the coupler structure needs to be
redesigned. This paper introduces a novel multi-current modula-
tion method implemented on a three-layer concentric transmitter,
which ensures uniform magnetic fields at varying transmission
distances by modulating the current to achieve three-dimensional
free-positioning. A surrogate-assisted multi-fidelity genetic algo-
rithm is proposed to obtain the suitable coupler structure and the
current amplitude for various transmission distances. A fitness
function with a scoring mechanism is adopted to evaluate the
uniformity of the magnetic field, which is convenient for the
optimization process. Experiments are implemented to verify the
anti-misalignment performance at various transmission distances.
The results show that the proposed scheme exhibits 25%, 25%,
and 15.6% anti-misalignment capabilities in the x, y, and z
directions, respectively, and can limit the voltage fluctuation
within 5.51%.

Index Terms—Multiple transmitters, optimal design, planar
coil, uniform magnetic field distribution, wireless power transfer.

I. INTRODUCTION

W IRELESS power transfer (WPT) has been widely ap-
plied in consumer electronics such as portable devices,

household devices, drones [1–3], and industrial electronics
such as robotics and electrical vehicles [4, 5]. This technology
provides convenience to users by transferring energy through
magnetic coupling. There are still many challenges that need
to be solved in the development and application of WPT. A
significant challenge in this field is the misalignment problem,
which substantially reduces output performance and necessi-
tates precise alignment between the receiver’s position and the
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Fig. 1. 3D misalignment of WPT system on electric boat caused by weather
and water surface changes.

transmitter’s center. The problem reduces the convenience of
the technology and hinders the development of WPT functions
such as the multi-receiver WPT [6]. With the development
of the WPT, the anti-misalignment in two-dimensional (2D)
plates cannot satisfy the requirements of some applications
in both consumer and industrial electronics, such as the
three-dimensional (3D) misalignments of the WPT system on
electric boats due to weather and water surface changes, as
shown in Fig. 1. Thus, the 3D anti-misalignment is a valuable
issue to be solved for WPT applications.

Many research works aim to address the two-dimensional
anti-misalignment at a plate by generating a uniform magnetic
field through the coil design [7–17]. The sparse coils are
commonly used in the research works [8–13], whose sparse
structure achieves uniform field distribution by accumulating
the magnetic field generated by the turns in different positions.
Inner turns weaken the center field and strengthen the edge
field, while outer inners have the opposite effect. The structure
with anti-parallel bundles at different planes is proposed in
[15]. This coil structure uses the magnetic field generated
by the turns at various heights and directions to achieve
uniformity. However, the anti-direction turns decrease the field
strength which would decrease the transfer efficiency. In [16],
the magnetic field is obtained by optimizing the width of each
turn, which is printed on a printed circuit board (PCB) with
copper foil. This coil structure is mainly used for applications
at high frequency and low power. A coil structure composed
of split parallel windings is demonstrated in [17] to generate
different current amplitudes in the coil. However, the current
amplitude is limited, which can only be half the original after
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Fig. 2. Circuit diagram of the proposed multi-current modulation 3D free-positioning WPT system.

each winding split. These coil design methods have a common
inconvenience in that only a constant transmission distance
is allowed after one design. If the transmission distance is
changed, a new design for the coil structure is required.
Some hybrid compensation methods are proposed to solve
the misalignment problem, and they allow some tolerance in
the 3D misalignment [18, 19]. However, the WPT system
proposed in [18] has weak performance in the longitude
direction due to the prototype of DD coil, and the system
in [19] shows poor anti-misalignment performance in three
directions. Thus, it is necessary to develop a WPT system
to achieve 3D anti-misalignment without changing couplers’
structures.

In order to improve the 3D anti-misalignment tolerance, a
multiple-current amplitude modulation scheme is proposed for
the WPT system in this work. A three-layer concentric planar
transmitter driven by multiple current amplitudes is developed
to precisely modulate the magnetic field to achieve a uniform
distribution. The proposed structure can not only achieve a
better performance in the uniformity of the field distribution
compared to traditional and existing designs but can also keep
the uniform magnetic field at different transmission distances
by adjusting the combinations of different current amplitudes.
However, it would be difficult to design a suitable transmitter
structure that could satisfy the uniform field distribution at
various transmission distances while considering the optimal
current combinations. The problem can be summarized as a
bilevel optimization problem [20]: the inner-level is to find the
optimal current combination at different transmission distances
for each transmitter structure, and the outer-level is to optimize
the transmitter structure under consideration of the inner-
level. Considering the complexity of bilevel optimization and
the long electromagnetic simulation calculation time, there
are currently few suitable methods to optimize the structure
and current amplitudes of the proposed system. A surrogate-
assisted multi-fidelity genetic algorithm (SAMFGA) is pro-
posed to address the bilevel optimization problem for trans-
mitter structure optimization. Then the bilevel optimization
problem is solved through SAMFGA, and he optimal structure
and current amplitude combinations are obtained.

The primary contribution and novelty of this paper is
the development of a multiple-current amplitude modulation
method, which achieves 3D free-positioning WPT by mod-
ulating current amplitudes rather than redesigning the coil
structure. This technique enables uniform magnetic field distri-
bution across varying transmission distances, offering a more
practical and convenient solution compared to approaches that
require complex or customized coil designs. To solve the
associated bilevel optimization problem, we propose a novel
algorithm named SAMFGA, which efficiently determines the
optimal transmitter structure and current configurations within
a reasonable computational time on a personal computer.
Furthermore, the proposed system is rigorously compared with
traditional coil designs, including evenly distributed windings
(EDW) and unevenly distributed windings (UDW), under 3D
misalignment. The results highlight the limitations of existing
designs, emphasizing the advantages of our approach. Finally,
experimental validation demonstrates that the proposed WPT
system maintains stable voltage and power levels under 3D
misalignment, proving the effectiveness and practicality of the
method.

The rest of the paper is arranged as follows: the circuit
configuration of the proposed system is introduced in Section
II. The calculation method of the magnetic flux density based
on the Biot-Savart Law (BS-Law) is introduced in Section III.
Then, the proposed optimization framework for the bilevel
optimization problem is introduced in Section IV. The op-
timization result and comprehensive comparison with EDW
and UDW are presented in Section V. The experimental setup
and verification are implemented in Section VI. Finally, the
conclusion is summarized in Section VII.

II. SYSTEM CONFIGURATION

The circuit of the proposed multiple-current modulated 3D
free-positioning WPT system is shown in Fig. 2. Three half-
bridge converters comprised of six power transistors S1 − S6

are powered by one dc voltage source Us. The LCC resonant
network is applied to achieve a constant coil current indepen-
dent of the load and the coupling coefficient. The coil current
is modulated by pulse width modulation (PWM) to reach the
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optimized amplitude. In the paper, the subscript p accounts
for the primary side and s accounts for the secondary side.
Lfi, Cfi, Ci are the resonant components for each sub-circuit
i, Lpi and Rpi are the self-inductance and resistance for each
transmitter. Mpp and Mps are the mutual inductance among
primary sides and the mutual inductance between the primary
side and the secondary side. Ls, Rs and Cs are the self-
inductance, resistance of the receiver coil and the capacitance
of the secondary compensation circuit. D1−D4 are the diodes
of the rectifier, Cemf is the filter capacitor, and Rload is the
load resistance.

The simplified circuit diagram is shown in Fig. 3; the
proposed system can be analyzed as a multi-input single-
output (MISO) system, where Uac is the output ac voltage
of the half-bridge converter. The fundamental harmonic anal-
ysis (FHA) method is widely used for WPT analysis. It is
due to the resonant network’s ability to suppress harmonics,
allowing focus on the fundamental frequency component [21].
Therefore, considering only the fundamental component, the
output voltage of the ith half bridge can be expressed as

Uaci (t) =
2Us

π
sin (ωt) sin (πdi) (1)

where di is the duty circle of the the ith half bridge. Ii, Ipi,
Is in Fig. 3 are the total current, the primary coil current of
each sub-circuit, and the secondary coil current. Req is the
equivalent load, which can be derived from (2)

Req =
8

π2
Rload. (2)

When the system works at the resonant frequency, the circuit
parameters satisfies (3):

ω =
1√

LfiCfi

=
1√

(Lpi − Lfi)Ci

=
1√
LsCs

. (3)

Based on the resonant relationship, and knowing that Lpi

are the designed variables, the secondary current Is can be
calculated as

Is =

jω

(
n∑

i=1

IpiMpi,s

)
Req +Rs

. (4)

Then, the current Ii can be solved by Kirchhoff’s Law, and it
can be represented by (5)

Ii = jωCfiIpiZ
i
p (5)

where Zi
p is the summation of reflected impedance from other

primary coils, secondary coil, and self-resistance of coil i. It
is shown in Fig. 3 and represented by (6)-(8)

Zi
p = Zppi + Zpsi +Rpi (6)

Zppi =

n∑
j=1,j 6=i

jωMpi,pjIpj
Ipi

(7)

Zpsi =

ω2Mpi,s

n∑
j=1

Mpj,sIpj

Ipi (Req +Rs)
(8)

Fig. 3. Simplified circuit diagram of proposed WPT system.

Fig. 4. Magnetic field calculation for a single point in free space by Biot-
Savart Law.

where Zppi is the reflected impedance of the sub-primary
coil i from other sub-primary coils, and Zpsi is the reflected
impedance from the secondary coil to the sub-primary coil i.

III. MAGNETIC FIELD ANALYSIS

The finite element method (FEM) is a common tool for
solving electromagnetic problems in the optimal design for
WPT system [6, 22]. At the same time, the long simulation
time of FEM is not convenient for the iterative optimization
algorithms. For the proposed air coil which uses magnetic field
uniformity as the design objective, BS-Law could determine
the magnetic field rapidly and accurately.

The magnetic flux density of an arbitrary point in free space
is equal to the vector sum of the magnetic fields produced by
all current segments, like the field point shown in Fig. 4. The
differential source segment with current is regarded as a small
cylinder with length dl, s1 (x1, y1, z1) and s2 (x2, y2, z2) are
the two terminals of the source segment, like the red segment
shown in Fig. 4. Thus, the differential form of BS-Law could
be written as (9):

dB =
µ0I

4πr3
(dl× r) (9)

where r is the vector from the source segment to the field
point field (x,y, z). Substituting the coordinates in to dl and
r yields:
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dl = (x2 − x1)ax + (y2 − y1)ay + (z2 − z1)az (10)

r = rf − rs =

(
x− x1 + x2

2

)
ax +

(
y − y1 + y2

2

)
ay

+

(
z − z1 + z2

2

)
az.

(11)

Combining (9)-(11), the magnetic flux density in z direction
Bz can be yield:

dBz =
µ0I

4πr3

[
(x2 − x1)

(
y − y1 + y2

2

)
− (y2 − y1)

(
x− x1 + x2

2

)]
az.

(12)

Uind = jω

∫∫
S

BzdS = jω
∑

Mpi,sIpi (13)

The misalignment caused by coil flipping is not the point
of the paper, and the receiving coil is always parallel with
the transmitters. Thus, only the magnetic flux density in z
direction Bz is considered. Then, the induced voltage in the
secondary coil can be calculated using (13). In this work, the
magnetic field analysis is further used to solve the fitness
function in the optimization process instead of the mutual
inductance, according to (13). The partial equivalent element
method (PEEC) in [23] is adopted for the resistance and
inductance calculation in the design process.

IV. OPTIMAL DESIGN PROCESS

The three-layer concentric coupler structure for the multi-
current modulated WPT system is proposed, as shown in
Fig. 5. There are three sub-coils in the transmitter. Three sub-
coils are located on three layers, and the gap between each
layer is defined as g. In Fig. 5, rtx and rrx are the outer radius
of the transmitter and receiver, z represents the transmission
distance, and d represents the distance between the center
points of two adjacent turns of the coil. Nt1−3 represent the
number of turns in each sub-coil. Nd1 represents the number
of turns from the second sub-coil starting position to the outer
diameter of the transmitter, and Nd2 represents the number
of turns from the third sub-coil starting position to the outer
diameter of the transmitter.

The magnetic field distribution of the three-layer coil and
the contribution of each sub-coil is shown in Fig. 6, and the
total field is a linear superposition of the effects of each sub-
coil. The shape of the magnetic field generated by the top
layer can be considered similar to traditional windings. Its
characteristic is that the peak appears near the edge of the
coil, and the valley appears in the middle of the coil. The
function of the middle layer and the bottom layer is to reduce
the peak magnetic field at the edge and fill the valley magnetic
field in the middle area smoothly, as shown in Fig. 6. This is
the reason why the three-layer coil structure is developed.

Fig. 5. Cross-section of the three-layer concentric coupler structure for
proposed WPT system.

Fig. 6. Magnetic field distribution in the z-direction of the three-layer coil
and the contribution of each sub-coil.

In order to achieve a consistent magnetic flux density across
varying transmission distances, the design process must con-
sider both the configuration of the coil and the precise tuning
of current amplitudes. For any possible coil structure, the best
current combinations need to be optimized to evaluate the
anti-misalignment ability of the coil. Thus, this optimal design
can be conceptualized as a bilevel optimization problem. The
optimization of coil current can be regarded as an inner-level
optimization problem, while the optimization of coil structure
constitutes the outer-level. An optimization framework named
surrogate-assisted multi-fidelity genetic algorithm (SAMFGA)
is proposed to address this bilevel optimization problem. In
this section, the methodology of SAMFGA and its effective
implementation within the context of our proposed WPT
system will be demonstrated.

A. Design Variables

The aim of the bilevel task is to find a coil structure that
has good anti-misalignment performance at all transmission
distances through the SAMFGA framework. Then, the optimal
current amplitude combinations at various transmission dis-
tances will be found. Thus, the design variable of the bilevel
optimization is the coil structure, which is defined as x. x
can be represented as x = [Nt1, Nt2, Nt3, Nd1, Nd2], which
includes five coil parameters and is as shown in Fig. 5. After
the coil structure is determined, the variable that needs to
be designed is the current modulation scheme of the coil
I = [Ip1, Ip2, Ip3] at different transmission distances z. It
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Fig. 7. Indication of fitness function with different fluctuation tolerances.

should be noted that in order to facilitate the optimization
and reduce the optimization space, I is set to a decimal with
a scale of 0.1.

B. Design Objective

The aim of the work is to synthesize a uniform magnetic
field distribution. However, perfect uniformity is hard to
achieve. Some fluctuations are allowed in the optimal design,
ξ is used to represent the acceptable ripple ranges as shown in
Fig. 7. ξn represents that the ripple is allowed to be n percent
of the target value Bopt. The fitness function (14) is proposed
to indicate the uniform performance of the coil.

f =
∑
i=1

max (|Bi −Bopt| − ξBopt, 0) (14)

This indicator is initially used for filter design [24], the
indicator can represent the fluctuation around the target value
by one variable, instead of the commonly used mean and
variance. f is an accumulation of each discrete point Bi. If
the point is located within the ripple range, such as Bi for ξ20
in Fig. 7, its value is zero according to (14). If the point is
located outside the range, like Bj in Fig. 7, it contributes to f ,
and the contribution depends on the deviation distance from
the boundary. The optimization problem can be summarized
by (15)-(16)

inner level : I∗z = argmin
I
f (x, I, z)

outer level : x∗∗ = argmin
x

∑ncase

z=1 f (x, I∗z, z)
(15)

I∗∗z = argmin
I
f (x∗∗, I, z) . (16)

The schematic diagram of the solution to the bilevel optimiza-
tion problem of the proposed WPT system is shown in Fig. 8.
It can be seen from the figure that the bilevel optimization
problem has been defined as (15), and for each step in the
outer level, an entire optimization needs to be conducted in the
inner-level optimization. The purpose of the optimization is to
find the best coil structure x∗∗ through the bilevel optimization
demonstrated as (15), and then obtain the optimal current
combination I∗∗z for different heights z through the original
GA as shown in (16).

Fig. 8. Schematic diagram of the solution to the bilevel optimization problem
of the proposed WPT system.

C. Optimization Framework

SAMFGA is developed subject to the bilevel optimization
problem demonstrated in (15). The surrogate-assisted opti-
mization (SAO) and multi-fidelity optimization (MFO) are
two algorithms used for optimization solutions of complex
electromagnetic problems [25]. The proposed algorithm in-
tegrates SAO, MFO, and a traditional genetic algorithm (GA)
to tackle the bilevel optimization problem in the WPT system.
In SAMFGA, we use an artificial neural network (ANN)
to build the surrogate model. The low-fidelity GA (LFGA)
involves a smaller number of populations and generations,
while the high-fidelity GA (HFGA) uses a larger number
of populations and generations. The inner-level optimization
relies on LFGA, which allows for a quick preliminary evalua-
tion of the comprehensive anti-misalignment capability of any
structure across all transmission distances. After evaluating
all coil structures using LFGA, the top-performing structures
are selected for further optimization with HFGA for higher
precision. After the optimal coil structure is obtained, the
current modulations at various heights are solved by GA and
BS-Law. The optimization framework is illustrated in Fig. 9,
and the specific steps are as follows:

1) Step 1: Determine the upper and lower limits of the de-
sign variables x, I and their constraints. The constraints
of the optimization problem is defined in (17)

s.t.



Imin 6 Ip1−p3 6 Imax

Nt1 < Nturn

Nd1 > Nt1

Nd1 +Nt2 < Nturn

Nd2 > Nd1 +Nt2

Nd2 +Nt3 < Nturn

(17)

where Nturn is the total number of turns that can be
placed on the top layer of the transmitter.

2) Step 2: Sample the input data including x, I, z within the
constraints, and evaluate their fitness values by (12) and
(14). Then, build the ANN as the surrogate model by the
input structure data (x, I, z) and their evaluated fitness
values f (x, I, z).
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Fig. 9. Optimization flowchart for designing proposed WPT system.

3) Step 3: Obtain all possible coil structure parameters X .
For each of them xi, find its optimal current I∗i1−n at
all distances z1−n through LFGA. LFGA uses GA with
low populations and generations as the optimizer and
using ANN as the evaluation method. LFGA ensures that
each optimization takes a very short time in the inner-
level loop. Then the fitness value of the structure at all
distances f∗i1−n can be found. The average value of the
fitness values f∗i is regarded as the preliminary perfor-
mance of the structure. According to the performance f∗i
ranking, n∗ of the optimal coil configurations in low-
fidelity models x∗ can be obtained.

4) Step 4: For each x∗j in x∗, the optimization process is
the same as the previous step. It should be noted that the
optimizer in HFGA uses a GA with a large population
and generation. After all individuals in x∗ have been
optimized, the optimal coil structure x∗∗ is obtained.

5) Step 5: x∗∗ is considered to have excellent anti-
misalignment capability in all transmission distances. For
each distance z, the optimal current modulation method
can be solved by a fine GA, which is evaluated by BS-
Law, which ensures the accuracy of the final result. There-
fore, after going through the entire optimization process,
the optimal coil structure x∗∗ and current modulation

TABLE I
PARAMETERS FOR PROPOSED WPT SYSTEM AND OPTIMIZATION

FRAMEWORK

Parameters Value Parameters Value

frequency 200 kHz z 10-60 mm
Bopt 300 uT n∗ 20
Imin 1 A ξ 5
Imax 20 A Population size 40 (LFGA)
rtx 160 mm 100 (HFGA)
Nturn 35

Generation
200 (LFGA)

d 4 mm 5000 (HFGA)

TABLE II
PARAMETERS OF OPTIMAL COIL STRUCTURE AND CURRENT

AMPLITUDES WITH DIFFERENT COIL GAPS AT VARIOUS TRANSMISSION
DISTANCES

Variables g = 0 mm g = 2.5 mm g = 5 mm g = 7.5 mm g = 10 mm

x∗∗ [5,5,6,5,12] [5,6,7,5,12] [6,11,5,8,30] [5,5,7,6,12] [5,5,5,8,14]

I∗∗ (A)

z = 10 mm [6,2,2] [6.3,1.4,2.1] [4.8,2.8,2.2] [6.2,1.5,2.7] [6.5,1.9,3.4]
z = 20 mm [8.6,1,1.9] [8.5,1,1.8] [6.8,2.1,2.9] [8.4,1,2.4] [8,1,3.2]
z = 30 mm [10.5,1,1.5] [10.4,1,1.4] [9.2,1,4] [10.7,1,1.6] [11,1,2.2]
z = 40 mm [12.5,1.1,1] [12.4,1,1] [11,1,1] [12.8,1,1.1] [13.3,1,1]
z = 50 mm [14.5,1,1] [14.3,1,1] [12.6,1,1] [14.8,1,1] [15.2,1,1]
z = 60 mm [16.3,1,1] [15.9,1.1,1] [14,1,1] [16.4,1.1,1] [16.9,1,1]

combination under different transmission distances I∗∗

can be obtained.

V. OPTIMIZATION RESULT AND PERFORMANCE ANALYSIS

The parameters required for the optimization are given in
Table I. This section will give a discussion on the selection of
coil gap g, and give a detailed comparison of the performance
analysis with the traditional EDW and sparse UDW.

A. Effect of Coil Gap g

After obtaining the proposed SAMFGA algorithm, the effect
of the coil gap g can be evaluated. Considering that the height
of the transmission structure is limited, the maximum gap is
chosen to be 10 mm. Within this range, five cases of g =
0 mm, g = 2.5 mm, g = 5 mm, g = 7.5 mm, and g = 10
mm are selected for the optimization process of SAMFGA.
The optimized coil structure and current amplitudes of these
five cases at various transmission distances are shown in
Table II, and the fitness values of these five cases at various
transmission distances are shown in Fig. 10. It can be seen
from the figure that the performance of g = 0 mm (flat coil)
is obviously inferior to other three-layer coil structures, as
explained before. As g increases within the range, the system
performance improves overall. When g reaches its maximum
value of 10 mm, it performs best at all transmission distances.
Since g is often limited by the coil structure and is not easy to
change, g is selected as a constant of 10 mm in the following
of the paper.

It can be seen from Table II that the optimal coil structure
when the gap is 10 mm contains 5 turns in each sub-coil. The
outer radius of the second and third sub-coil are Nd1 and Nd2

turns away from the maximum outer radius, respectively. The
magnetic field flux density distributions under the modulation
of different current combinations I∗∗ at different transmission
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Fig. 10. Fitness values with different coil gaps g at various transmission
distances.

distances are shown in Fig. 11. To demonstrate the accuracy
of the field calculated BS-Law, the simulation results by
Ansys Maxwell 2D are also listed in Fig. 11 for comparison.
The figure reflects that the calculated field fits well with the
simulation value and that the coil designed by the BS-Law is
reliable. The uniform range within the ξ5 is marked in Fig. 11.
The uniform range reduces gradually with the increase of the
transmission distance.

B. Performance Analysis

To comprehensively demonstrate the 3D anti-misalignment
capability, this study compares the performance of the pro-
posed WPT system with both EDW and UDW introduced by
Waffenschmidt [26]. For both winding types, comparisons are
conducted using two structural approaches: variable structure
(VS) and constant structure (CS). The VS approach utilizes the
optimal structure for each specific transmission height, while
the CS approach employs a generalized structure designed to
perform efficiently across all transmission distances. A global
search method is employed to determine the optimal VS and
CS configurations for both EDW and UDW. For EDW, designs
with current ranges from 1 A to 40 A and turn counts ranging
from 1 to 30 are evaluated using the performance indicator
defined in (14). For UDW, each turn is placed follows (18):

r (i)

rout
=

1− e
−i
qN

1− e
−1
q

(18)

where r (i) is the radius of the ith turn, N is the total number
of turns, and q is a factor related to the transmission distance.
In the search process, the number of turns also varies from 1
to 30 turns. And q changes from 0 to 1 in increments of 0.01.
The outer radius of the EDW and UDW is set to equal for a
better comparison, and the sample range is set to 85% of the
transmitter radius.

Fig. 12 illustrates the optimal field distribution at vari-
ous transmission distances, while Fig. 13 lists the optimal
coil parameters. The proposed coil demonstrates good anti-
misalignment ability across the entire transmission range.
Compared to the CS UDW, the proposed structure performs
slightly better at 20-50 mm distances and significantly better
at 10 mm and 60 mm. The VS UDW shows better overall

Fig. 11. Verification of calculated magnetic flux density at different trans-
mission distances.

(a) (b)

(c) (d)

(e) (f)

Fig. 12. Performance comparison of proposed structure with EDW and UDW
from [26] at different transmission distances. (a) z = 10 mm. (b) z = 20 mm.
(c) z = 30 mm. (d) z = 40 mm. (e) z = 50 mm. (f) z = 60 mm.

performance but requires structural changes (q) to achieve
a uniform magnetic field at different distances. At longer
distances (50-60 mm), the VS UDW needs a low q value, gath-
ering almost all turns at the coupler edge, which is impractical.
EDW with CS and VS exhibit poor magnetic field uniformity
at low distances (10-30 mm) and improved performance at
higher distances (40-60 mm). However, Fig. 13 shows that
higher distances require fewer turns N , leading to lower mu-
tual inductance and transmission efficiency. This comparative
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Fig. 13. Optimal coil parameters of EDW and UDW from at different
transmission distances.

analysis demonstrates that the proposed system achieves com-
prehensive 3D anti-misalignment capability across different
transmission distances without structural changes, which is a
significant improvement compared with previous methods.

VI. EXPERIMENTAL VERIFICATION AND BENCHMARK

The proposed WPT system’s performance is verified
through experimental implementation. The setup illustrated in
Fig. 14 utilizes an LCC compensation network that maintains
constant transmitter current independent of load and coupling
coefficient. Three half-bridge inverters powered simultane-
ously by a dc source modulate the current flow through
three sub-coils. All relevant circuit parameters are detailed in
Table III.

TABLE III
VALUES OF SYSTEM PARAMETERS FOR THE EXPERIMENTAL

VERIFICATION

Symbol Value Symbol Value Symbol Value Symbol Value

Lf1 1.77 uH Lp1 16.846 uH Rf1 0.094 Ω Mp1p2 6.47 uH
Lf2 11.3 uH Lp2 12.7 uH Rf2 0.05 Ω Mp1p2 3.52 uH
Lf3 8.2 uH Lp3 9.255 uH Rf3 0.034 Ω Mp2p3 5.35 uH
Cf1 375.4 nF C1 41.9 nF Rp1 0.14 Ω Ls 41.7 uH
Cf2 56.1 nF C2 477.1 nF Rp2 0.06 Ω Cs 15.2 nF
Cf3 77.8 nF C3 611.3 nF Rp3 0.04 Ω Rs 0.12 Ω
S1−6 EPC2001C D1−4 STPS20120D Cemf 2200 nF Rload 20 Ω

The system is designed to maintain a constant 30 V output
regardless of horizontal misalignment or transmission dis-
tance. In order to achieve 3D anti-misalignment capability, the
transmitter currents are modulated proportionally according
to Table II at varying distances. Fig. 15 displays the cur-
rent waveforms of the sub-coils at six selected transmission
distances (10 mm to 60 mm) with RMS values indicated.
The observed current ratios in different combinations closely
align with those specified in Table II, confirming the system’s
effectiveness. It can be seen from Fig. 15 that the current in the
primary coil is distorted. This may be due to the interference
of the harmonics in the three sub-channels. This phenomenon
can be alleviated if three independent power supplies are used
to drive each sub-channel separately.

Fig. 16 illustrates the output voltage under horizontal mis-
alignment at various transmission distances. For distances
between 10 to 40 mm, the system demonstrates excellent hor-
izontal anti-misalignment ability with minimal output voltage

Fig. 14. Configuration of the experimental setup.

(a) (b)

(c) (d)

(e) (f)

Fig. 15. Current waveforms of each coil (Ip1−Ip3) at different transmission
distances z. (a) z = 1 cm. (b) z = 2 cm. (c) z = 3 cm. (d) z = 4 cm. (e) z = 5
cm. (f) z = 6 cm.

Fig. 16. Experimental measurement of the output voltage under 3D misalign-
ment.

fluctuations around the target voltage. At distances of 50 to
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TABLE IV
ANTI-MISALIGNMENT CAPABILITY BENCHMARK OF EXISTING RESEARCH WORK

Ref
Dimension (mm) Air Gap

(mm)
Maximum

Efficiency (%)
Misalignment Tolerance(%) Output Fluctuation(%) Output

Power (W)TX RX x y z Voltage Power

[27] 200*200 200*200 100 86 11 30 - 5 - 105
[18] 775*391 775*391 100-140 93 15.5 40.9 10.2 - 5 3300
[19] 60 44 2-8 79 8.3 8.3 10 9 - 35
[28] 350 350 175 94.46 28.6 28.6 - 9 - 3300
[29] 400 200 100 90.27 25 25 - - 3 227
[30] 400 65 80 92.2 33.8 33.8 - 5 - 700
[31] 153 95 6-20 86.48 32.7 32.7 10.5 31 - 100
[32] 1100*900 700*300 100-200 75 36.4 18.2 9.1 29 - 15600

This Work 320 160 10-60 83.2 25 25 15.6 5.51 11.8 45

Fig. 17. Experimental measurement of the output power under 3D misalign-
ment.

Fig. 18. Loss breakdown of the proposed WPT system at z = 40 mm.

60 mm, output fluctuations increase with misalignment. The
largest fluctuation of 5.51% occurs at a 60 mm transmission
distance. Fig. 17 shows similar trends in output power changes.
The maximum power fluctuation of 11.8% is observed at
80 mm horizontal misalignment with a 60 mm transmission
distance. Both voltage and power fluctuations remain within
acceptable ranges. These results demonstrate that the proposed
wireless charging system achieves varying degrees of anti-
misalignment capability by modulating coil current without
structural changes. When the receiver aligns to the center of
the transmitter with the transmission distances varying from 10
to 60 mm, the system efficiencies are 83.2%, 82.2%, 82.7%,
81.8%, 79.5%, and 77.8%, respectively. The power transfer
efficiency is acceptable for the proposed WPT system without
ferrite [6, 33–35].

Since the efficiency does not change much when the trans-

mission distance changes, the loss breakdown is evaluated by
the oscilloscope and probes when the transmission distance is
40 mm, as shown in Fig. 18. It can be seen from the figure
that the largest loss is in the rectification and filtering part,
followed by the primary coil 1 and its compensation circuit.
Since the loss of the rectification part is relatively fixed, in
future work, the power of the system can be increased to
reduce the proportion of the loss of the rectifier part and thus
improve the efficiency of the system. At the same time, more
efficient litz wires can be used to reduce the loss of the primary
coil 1 and its compensation circuit to increase the efficiency
of the system.

Table IV benchmarks existing research on anti-
misalignment capabilities in WPT systems. Circular coils
demonstrate horizontal anti-misalignment ability with equal
performance on x- and y-axes. The proposed coil structure
improves z-axis misalignment tolerance to 15.6% while
maintaining a 25% misalignment tolerance on the x- and
y-axes, exhibiting excellent comprehensive anti-misalignment
capabilities while maintaining low voltage fluctuations.
Existing works [27–30] have good planar anti-misalignment
capability and low output fluctuation but lack vertical
anti-misalignment capability compared to the proposed
work; [18, 19] have three-dimensional anti-misalignment
capability and slight output fluctuation but have limitations in
anti-misalignment; [31, 32] have excellent three-dimensional
anti-misalignment capability but their output fluctuations
are large. These results highlight the advantages of the
modified structure over existing methods in achieving 3D
anti-misalignment.

VII. CONCLUSION

This work presents a WPT system using multiple-current
amplitude modulation to achieve 3D anti-misalignment with-
out altering the transmitter structure. A surrogate-based opti-
mization framework determines optimal current combinations
for various transmission distances. The design method’s accu-
racy is verified through simulation software, and the proposed
structure’s performance is comprehensively compared to that
of EDW and UDW. Experimental validation demonstrates the
system’s 3D anti-misalignment capabilities with subsequent
result analysis. The results reflect that the proposed WPT
system allows tolerances of 25%, 25%, and 15.6% in the
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x, y, and z directions, respectively, within a maximum volt-
age fluctuation of 5.51%. A benchmark of existing research
highlights the proposed coil’s balanced performance across
three dimensions. This multi-current modulated WPT scheme
offers a novel approach to enhancing 3D anti-misalignment
in WPT systems. In future work, the decoupling methodology
of multiple transmission coils can be explored, and real-time
control functionality can be incorporated.
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