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Design and Optimization of High Misalignment
Edge-Enhanced Stepped Coil Structure for Dynamic
Wireless Power Transfer System

Chenxi ZHANG, Zhongqi LI, Jianbin WANG, and Changxuan HU

Abstract—In order to address the issue of mutual inductance
variation in dynamic wireless power transfer systems for electric
vehicles, which leads to significant fluctuations in system output,
an edge-enhanced stepped coil structure is proposed to improve
the system’s anti-offset performance. Firstly, a model of the edge-
enhanced stepped coil structure has been constructed, and the
characteristics of mutual inductance variation for this structure
have been analyzed. Secondly, a method for calculating mutual
inductance in a stepped coil structure is proposed based on the
Biot-Saval law. Then, based on the proposed method for calcu-
lating mutual inductance in stepped coils, the parameters of the
edge-enhanced stepped coil structure are optimized according to
the principle of minimizing fluctuations in mutual inductance.
Additionally, a magnetic core structure that aligns with the coil’s
characteristics is designed to enhance both mutual inductance
and the coil’s resistance to offset performance. Finally, a 500 W
experimental prototype has been constructed. The experimental
results show that the mutual inductance fluctuation rate of the
edge-enhanced stepped coil does not exceed 5% when the Y-axis
direction is offset by 50% (362 mm) of the outer diameter of the
transmitter coil. The transmission efficiency of the system is as
high as 93.92%, and the fluctuation rate of the output current is
less than 5%.

Index Terms—High misalignment tolerance; mutual inductance
calculation; stepped coil structure; wireless power transfer.

1. INTRODUCTION

RELESS power transfer (WPT) technology enables the
non-contact transfer of energy using electromagnetic
fields and alternative media, providing an innovative solution
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to the safety and convenience issues associated with traditional
contact charging methods [11-3]. WPT technology has attracted
considerable attention from researchers both domestically and
internationally due to its remarkable flexibility, high safety
and reliability, and its ability to function effectively in harsh
environmental conditions. Currently, WPT technology has
been successfully applied across various domains, including
underwater power supply systems for equipment [4]-[6],
consumer electronics [7]-[9], and intelligent rail transit
systems [10]-[11].

In dynamic WPT, positional shifts of the coupling coil result
in variations in mutual inductance between the coils. These
fluctuations negatively impact the stable operation of the WPT
system, presenting challenges to its reliability and safety [12]-
[14]. In response to the aforementioned issues, researchers have
conducted extensive studies on the anti-offset performance of
coils, with the goal of improving the stability and reliability of
the system when the coil position is misaligned. Consequently,
investigating coil structures that exhibit quasi-constant mutual
inductance is of great significance.

The classification of coils depends on the number of coils
present. Coils can be categorized as either single-coil or multi-
coil structures. The magnetic field produced by the single-
coil structure is unidirectional. Consequently, when the coil is
misaligned, the positive area of the coil decreases, leading to
a reduction in positive magnetic flux. When the misalignment
reaches half the diameter of the transmitting coil, there is not
only a decrease in positive magnetic flux but also the emer-
gence of negative magnetic flux, which compromises the an-
ti-offset performance. The offset performance of the single-coil
structure is enhanced through the optimization of coil size [15]-
[17], turn spacing and core structure [18]-[20].

The multi-coil structure leverages the spatial superposition
of multiple coils, employing the principle of magnetic field
superposition to enhance effective coupling and improve the
coil’s resistance to offset performance. A team from the Uni-
versity of Auckland, New Zealand, proposed a double-D (DD)
coil, which consists of two unipolar coils connected in series
and placed side by side. They also incorporated an orthogonal
Q-type coil into the DD coil to create a double-D quadrature
(DDQ) coil structure. This design effectively compensates
for the induction blindness inherent in the DD coil [21]. In
addition, to reduce consumable materials, the team proposed
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Fig. 1. EESC structure diagram. (a) 3D structural model. (b) Top view of structure.

the bipolar (BP) coil structure in [22] and the tripolar (TP) coil
structure in [23], utilizing coil stacking. This approach can en-
hance the coil offset performance to some extent.

Researchers have investigated more advanced coil structures
by employing modular combination strategies. One nota-
ble design is the double-layer quadrature double-D(DQDD)
structure, which consists of two pairs of DD coils arranged
orthogonally in a double-layer configuration. This arrangement
facilitates decoupling between the coils and creates a periodic
variation in the excited magnetic field. However, the DQDD
structure exhibits a coupling coefficient fluctuation of 55% un-
der a horizontal offset of 150 mm, indicating that its anti-offset
performance is insufficient to withstand significant positional
shifts [24]. In addition to the above magnetic field superposi-
tion approach, researchers have exploited the feature that the
reverse series coil has the opposite tendency to the forward coil
with coil offset to achieve a largely constant mutual inductance
during coil offset. A multi-receiver reverse series coil structure
has been proposed, and by optimizing the forward and reverse
series coils, the mutual inductance fluctuation is only 3.81%
when the coil is offset by 34% (225 mm) of the maximum coil
outer length [25].

In summary, most current coil structures accommodate a
limited offset range during static charging. However, there are
issues related to the small maximum allowable offset distance
of the coupling coil and the significant fluctuations in mutual
inductance that occur during coil offset in dynamic wireless
power transfer. The contributions of this paper are as follows:

1) An edge-enhanced stepped coil structure is proposed, an
edge-enhanced stepped coil structure model is dissected, and
the mutual inductance characteristics of the edge-enhanced
stepped coil structure are analyzed.

2) Stepped coils are modelled and a method for calculating
the mutual inductance of stepped transmitting coils and rectan-
gular receiving coils based on the Biot-Saval law is proposed.

3) An optimisation strategy based on the principle of min-
imising mutual inductance fluctuations is proposed, aiming to
optimise the coil sizing parameters and core sizing parameters,
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with the objective of achieving the maximum coil offset dis-
tance of 50% of the length of the outer diameter of the trans-
mitting coil and a mutual inductance fluctuation rate of less
than 5%.

4) The 500 W experimental prototype is built, and the ex-
periment proves that the proposed coil structure has good anti-
offset performance, and the output of the system is smooth.

In this paper, the structural model of the edge-enhanced
stepped coil is given and analyzed in Section II. The formula
for calculating the mutual inductance of the stepped coil in
Section III. The experimental verification in Section IV. Final-
ly, the conclusions are shown in Section V.

II. EDGE-ENHANCED STEPPED COIL STRUCTURE

A. Structure Model

In this paper, an edge-enhanced stepped coil structure is
proposed in order to achieve a larger limit offset range of the
coupling coil in dynamic wireless power transfer system and
to keep the mutual inductance quasi-constant within the limit
offset range. The EESC structure employs a stepped coil as the
main coil and applies the principle of magnetic field superpo-
sition to introduce isotropic series compensation coils at the
edges of the stepped coil, with the objective of enhancing the
mutual inductance at the edges of the main coil. A three-dimen-
sional representation of the EESC structure is presented in
Fig. 1(a). The transmitter coil (7,) consists of a step coil (7,)
and two compensation coils (7, and T,),compensation
coils are arranged in a stacked configuration along step coil
in the Y-axis direction. The receiving coil (R,) is a rectangu-
lar coil.

The plan view of the EESC coil structure is illustrated in
Fig. 1(b). The coil parameter variables are defined as follows:
L,, L,, and L, will be used to denote the length of the stepped
coil T,. W, W,, and W, will be used to denote the width of the
same coil. L, and W will be used to denote the length and
width of compensation coils 7, and T, respectively. L,, and
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Fig. 2. EESC magnetic field diagrams at offset along the Y-axis direction. (a) AY
=0.(b)AY=025L,,. (c)AY=0.5L,..

W, will be used to denote the length and width of the receiver
coil R, respectively. In order to guarantee optimal anti-offset
functionality when the coils are offset, compensation coils are
of identical dimensions and arranged in a symmetrical fashion
to align the outer edges of the main coils.

The stepped coil is designed with three distinct levels, which
progressively extend along the Y-axis and result in an increased
coil width along the X-axis. This design effectively increases
the positive overlap area between the transmitting and re-
ceiving coils when an offset occurs. Consequently, a larger
longitudinal flux passes through the coils, enabling the mutual
inductance to be preserved to a significant extent. Compared to
conventional rectangular coils, the stepped coil demonstrates
enhanced anti-offset performance, making it a more robust op-
tion for dynamic wireless power transfer systems.
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Fig. 3. Variation curves of mutual inductance at offset along the Y-axis direction.

B. Mutual Inductance Characterisation of Coil Structures

To evaluate the anti-offset performance of the EESC struc-
ture, a simulation model was developed using ANSYS Max-
well software. The magnetic field distribution is simulated in
the Y-axis, as illustrated in Fig. 2. AY denotes the offset distance
along the Y-axis direction, L, denotes the outer diameter
length of the transmitter coil.

When the transmitting and receiving coils are perfectly
aligned (AY = 0) in Fig. 2(a), the transmitting coil generates a
longitudinal magnetic flux that passes vertically through the
receiving coil, facilitating effective coupling between the coils.
As the receiving coil offsets along the positive Y-axis (AY =
0.25L,.,) in Fig. 2(b), it gradually shifts from the center toward
the edge. During this shift, the area directly opposite the re-
ceiving coil on compensating coil 7', decreases, while the area
directly opposite compensating coil 7, increases. Through the
principle of magnetic field superposition, this redistribution
enhances the total magnetic flux across the three coils, thereby
increasing the mutual inductance. When the offset continues in
a positive direction along the Y-axis (AY = 0.5L,_) in Fig. 2(c),
the longitudinal flux through the receiving coil R, gradually di-
minishes. Consequently, the total magnetic flux and the mutual
inductance between the coils also decrease.

Fig. 3 shows the mutual inductance variation curves for
horizontal offset along the positive direction of Y-axis between
the receiving coil R, and the main coil 7}, the compensation
coil 7, and the compensation coil 7., respectively. The mutual
inductance expression between the EESC coupling mechanism
is shown in (1).

tx-0

MTX—RX= MTleRX+MTX2—RX+MTX3—RX (1)

where My is the mutual inductance between 7. and R, My, py
is the mutual inductance between 7., and R, My, xy is the mutual
inductance between T, and R,, and My, is the mutual
inductance between 7,; and R..

As the offset distance increases, My, py and My, x, gradually
decrease, My, exhibits a significant increasing trend. The
M p remains basically stable in the limit offset range. During
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Fig. 4. EESC structure diagrams.

the coil offset process, the magnetic field superposition prin-
ciple is used to superimpose the magnetic flux through the
receiving coil to form a region where the mutual inductance
of the coils increases and then decreases. This ensures that the
mutual inductance between the coils is quasi-constant.

III. CALCULATION OF MUTUAL INDUCTANCE OF STEPPED
CoILs

In order to study the working mechanism of the EESC
structure under different offsets and its offset characteristics, it
is necessary to create a model of the coil structure. However,
there is currently no established methodology for calculating
the mutual inductance of stepped coils. Such a model would
provide a theoretical foundation for understanding the perfor-
mance of the EESC structure and optimizing its design for
improved anti-offset capabilities.

As shown in Fig. 4, the transmitting coil is a stepped coil, the
receiving coil is a rectangular coil. /;, /,, and /; are the lengths
of the different echelons of the stepped coil. w,, w,, and w, are
the widths of the different echelons of the stepped coil. /, and
w, are the lengths and widths of the rectangular receiving coil.
s, is the vertical distance between the stepped coil O, and O. s,
is the vertical distance between the rectangular coil O, and O,.

Setting any point P(x, y, z) in the plane of the receiving coil,
the magnetic flux density generated by the transmitting coil at
P inside the receiving coil can be expressed according to the
Biot-Saval law:

N
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where 4, is the magnetic permeability in vacuum, / is the cur-
rent on the transmitting coil, C" is the curve enclosed by the
transmitting coil, IdI' denotes the current element, R is the dis-

tance vector from any point P to the current element. [l R
can be calculated in (3) to (5).
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The magnetic flux density generated by each line segment of
the stepped coil at any point P can be obtained by substituting
(4) into (1). The magnetic flux density at any point P in the
Z-axis direction can be expanded according to (1) as follows:
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In summary, the total flux density B, in the Z-axis direction
of the flux density generated by the transmitting coil at any
point P is shown in (27).

By = Byt Byt Byt Byt Byt
By, + Byt Byt Byt By +
Byt Byt Byt Byt Byt
B+ B,+B+By+B,

27

According to the flux density method, the mutual inductance
between a single-turn stepped transmitting coil and a single-
turn rectangular receiving coil is calculated as follows:

#B-ds

M= D (2 8)

1

where s denotes the area where the receiving coil is located, /
denotes the current on the transmitting coil.
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TABLE I
OPTIMISED RANGE OF EESC STRUCTURAL PARAMETERS

Parameters Optimisation Scope
L, 50 ~ 150 mm
L, 50 ~ 150 mm
L, 300 ~ 400 mm
w, 100 ~ 200 mm
W, 100 ~ 200 mm
W, 100 ~ 200 mm
L 50 ~ 100 mm
W 500 ~ 600 mm
L 400 ~ 500 mm
W 500 ~ 700 mm
N, 5~15
N, 15~ 25
N, 15~ 25

In order to facilitate the numerical calculation, the rect-
angular receiving coil is subdivided, it is assumed that the
magnetic flux density at each place in each small rectangle
after subdividing is uniformly distributed, which is equal to
the magnetic flux density at the centre of the small rectangle.
The length /, of the receiving coil is subdivided into N, parts,
the width w, of the receiving coil is subdivided into N, parts,
and the length and width of the subdivided small rectangle are
d, and d,, respectively. The mutual inductance between single
turn coils is calculated as follows

1 W

> B 9)

y

. dLIdW .

NN,
=1 j=1

When the stepped coil calculates the mutual inductance of
the n-th turn to the rectangular receiving coil, in order to ensure
that the shape of the stepped coil remains unchanged, the inner
diameters of the transmitting coils /,, w,, and w, remain un-
changed, and /,, /;, and w; satisfy the following rule of law:

llfN =1+ 2(N-DRyj,e (30)
137N =L2(N-DRy,, (31
Wy =Wt 2(N-1)Ryye (32)

where [, y, [; v, and w;  are the lengths of the N-th turn /,, £,
and ws, respectively, and Ry, is the wire diameter.

According to the superposition theorem, the following
for-mula for calculating the mutual inductance between multi-
turn rectangular coils can be obtained:

5>

m=1 n=

N,

R

an (3 3)
1

where N; denotes the number of turns of the transmitting coil,

Initial parameters: D, R, ey * , eyo*

Setting constraints: L, Ls, Ls, W,
W2, W3, Liss, Wss, Les, Wis, Nig, Niss,
‘NIXS

v

Traversal parameter: computation
of M, ey, at different coil offsets

| Compliant coil parameter matrix |

End

Fig. 5. Flowchart for the coil parameter optimization.

Ny denotes the number of turns of the receiving coil, and M,
denotes the mutual inductance between the m-th turn of Coil,
and the n-th turn of Coil,.

IV. EESC CoIiL OPTIMISATION

The mutual inductance M is taken as the optimisation objec-
tive, the parameters of the EESC structure are optimised based
on the principle of minimum mutual inductance fluctuation in
order to achieve a strong anti-offset performance. To ensure
the mutual inductance and anti-offset performance of the coil
structure, the coil structure parameters and core parameters
are optimised respectively. Firstly, the coil parameters are op-
timised to find the coil structure parameter matrix that meets
the requirements. Secondly, the core structure is analysed on
the basis of the coil parameters and the optimisation of the core
size parameters is completed.

A. Optimisation of Coil Parameters

1) Objective function

The key parameters influencing the mutual inductance M of
the coil are analyzed and optimized, specifically focusing on
the dimensional parameters of the coil structure.

M:f(LlaLb LS: VVla VVZa VV37 ths’

ths’ er’ Wrx7 NDU ND(S? er) (34)

2) Setting constraints

The mutual inductance M of the coil is dependent on both the
inner diameter and the number of turns. The constraints on the coil
structure are determined based on the practical application. The
range of coil parameters to be optimized is presented in Table L.

3) Coil parameter optimisation process



C. ZHANG et al.: DESIGN AND OPTIMIZATION OF HIGH MISALIGNMENT EDGE-ENHANCED STEPPED COIL STRUCTURE

TABLE II
EESC STRUCTURE DIMENSION PARAMETER

Parameters Value
L 100 mm
L, 50 mm
L, 360 mm
W, 150 mm
w, 150 mm
w, 100 mm
L 50 mm
W 600 mm
L 430 mm
/8 650 mm
N, 8
N, 20
N, 20
2 Z
— ——

Fig. 6. Schematic diagrams of different magnetic core structures. (a)
Conventional non-skeletonised core structure. (b) Separate core structure. (c)
Separate skeletonised core structure. (d) Optimised core structure.

The parameter optimization of the EESC structure is con-
ducted based on the principle of minimizing mutual inductance
fluctuations. This optimization ensures that the mutual induc-
tance and its fluctuation rate meet the specified requirements
when the coil is offset at various positions. The mutual induc-
tance fluctuation rate is defined as the rate of change in mutual
inductance when the coil is displaced along the Y-axis. The
formula for this fluctuation rate is as follows:

MAY_MO

Eyi= M

0

x100% 35)

where M, denotes the mutual inductance between the coils
when they are aligned, M,, denotes the mutual inductance be-
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Fig. 7. Trend of mutual inductance of different magnetic core structures.

tween the coils when the coil are offset in the Y-axis.

The optimization flow chart of coil parameters based on the
principle of minimum mutual inductance fluctuation is shown
in Fig. 5.

The specific steps of the optimization process are as follows:
First, the transmission distance D between the coils is set to
150 mm, the wire diameter is 4 mm, the mutual inductance
fluctuation rates ¢, are set to 5%. Second, relevant constraints
are established according to the range of coil parameters pro-
vided in Table I. Next, the optimized parameters are traversed
to calculate the mutual inductance M at various positional
offsets. The mutual inductance fluctuation rate &y, is calculated
according to (35). &,, is judged whether satisfies &,,<¢y,, when
it satisfies the above conditions, the corresponding parameter
matrix is saved. If the result is not satisfied, the program tra-
verses the next set of parameters.

Finally, after all parameters have been traversed, the output
meets the required coil parameter matrix for the subsequent
core optimization process. By optimising the parameters of the
EESC structure, the dimensional parameters of the transmitter-
side coil and receiver-side coil are shown in Table II.

B. Optimisation of Core Parameters

In order to improve the offset resistance of the coil structure
and the mutual inductance between the coils, magnetic mate-
rials are usually added to the coupling coils. The common
magnetic materials are ferrites. In this section, in order to de-
sign a core structure that fits the changing characteristics of the
mutual inductance of the coils, the influence of different shapes
of the core structure on the mutual inductance of the coils is
analysed on the basis of the EESC structure, the parameters of
the core structure are optimised after the shape is determined.
The evolution of the core structure is shown in Fig. 6. Fig.
6(a) shows the traditional non-skeletonised core structure with
mutual inductance denoted as M|; Fig. 6(b) shows the sepa-
rated core structure with mutual inductance denoted as M,; Fig.
6(c) shows the separated skeletonised core structure with mutual
inductance denoted as A£;; and Fig. 6(d) shows the optimised core
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Core initial parameters: Here,

3k
Deore line, €12

Core constraints: design the core
according to the optimised coil
structure parameters and set the

core parameters.

Traversal core parameters:
simulation of M, &y, at different coil
offsets using ANSYS Maxwell

Y

Tterate over all parameters?

Yes

| Output optimal parameter matrix |

End
Fig. 8. Flowchart for the magnetic core parameter optimization.

structure of this paper with mutual inductance denoted as M,.

Fig. 7 shows the trend of mutual inductance of coils with dif-
ferent core structures. When the conventional non-skeletonised
core structure is used, the mutual inductance M, between the
coils increases from 60.27 puH to 148.51 uH as the coil position
is shifted, the mutual inductance between the coils decreases
instead of increasing when it is positively aligned, and the mu-
tual inductance fluctuation rate is as high as 150%. In order to
make the core structure fit the structural characteristics of the
coils better, the core on the transmitter side adopts a separated
structure using two smaller bar-shaped cores, which are placed
in the overlapping part of the main coil and the compensation
coil. With the separated core structure, the mutual inductance
M, between the coils increases from 88.37 pH to 126.21 pH
with the coil offset, and the mutual inductance fluctuation
rate decreases to 49%. The use of the separated core structure
solves the problem of reducing the mutual inductance of the
coils when the conventional non-skeletonised core structure
is positively aligned, and saves 38.8% of the core material
compared to the conventional non-skeletonised core structure.
Subsequently, based on the use of the separated core structure
on the transmitter side, the core on the receiver side adopts
a centre skeleton design, which is designed to provide better
magnetic path access to the coil. With the offset of the coils, the
mutual inductance M, between the coils increases from 90.95
pH to 106.37 pH with a maximum mutual inductance fluctu-
ation of only 16.9%. It can be seen that for the edge-enhanced
stepped coil structure proposed in this chapter, the most fitting
core structure is a separated core on the transmitter side and a
skeletonised core on the receiver side. After determining the
approximate shape of the core structure, a core parameter opti-
misation strategy based on the principle of minimising mutual
inductance fluctuation is proposed to optimise the dimensions

7

o
2 :
g 5 Wi _hole
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g &
Ly hole
A A,
-3 € >| i
Lis_core Dis_core rx_core

Fig. 9. Magnetic core structure diagram.

of the separated core on the transmitter side and the separation
spacing, as well as the dimensions of the skeletonised core on
the receiver side and the size of the skeleton, in order to ad-
dress the problem of mutual inductance fluctuation caused by
coil offset.

The flowchart of core parameter optimisation based on the
principle of minimum mutual inductance fluctuation is shown
in Fig. 8.

1) Core parameter setting

The core of the transmitting coil is located below the trans-
mitting coil, and the core of the receiving coil is located above
the receiving coil. The given core thickness H.,. is 10 mm, the
core and the winding line are close to each other, the spacing
between the core and the winding line D, y;,c is nearly 0, and
the mutual inductance fluctuation rate &, is set to 5%.

2) Setting core constraints

The core structure is designed based on the optimized coil
structure dimensions. The coil design is constrained by the
actual core structure, which imposes several limitations. These
constraints include the transmitting side core dimensions,the
receiving side core dimensions and core skeleton dimensions.
These constraints ensure that the core structure is appropriately
sized and positioned to support the optimized coil configura-
tion and achieve the desired performance.

3) Core parameter optimization

The mutual inductance between the transmitting and re-
ceiving coils can be measured by ANSYS Maxwell simula-
tion software, the mutual inductance fluctuation rate &, is
calculated according to (36). &y, is judged whether satisfies &y,
< &y, When it satisfies the above conditions, the corresponding
parameter matrix is saved. When the result does not satisfy the
requirements, the program traverses the next set of parameters.
Finally, when all the parameters have

# B

M,-M
en=| 2| x100% (36)

0

where M| denotes the mutual inductance between the coils
when they are aligned, M ,, denotes the mutual inductance be-
tween the coils when they are offset in the Y-axis.

According to the above optimisation, the transmitting-side
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TABLE IIT
EESC STRUCTURE MAGNETIC CORE DIMENSION PARAMETER

Parameters Value
i core 50 mm
Wlum 750 mm
Dluorc 560 mm
LDLCUIC 600 mm
Wrum 800 mm
erﬁho]c 400 mm
Rrxiholc 600 mm
H 10 mm

core

DC Power &=

= WT-5000
Power analyzer

Fig. 10. Prototype of the WPT system.

core adopts a separated structure, which is symmetrically
placed on the left and right sides, and the receiving-side core is
a hollow structure in the middle, as shown in Fig. 6(d), and the
variation curve of the coil mutual inductance is shown in Fig,
7 as M,, and the mutual inductance fluctuation rate is less than
5%. The core plan view is shown in Fig. 9, and the core size
parameters are shown in Table III.

V. EXPERIMENTAL VERIFICATION

A. Prototype

To verify the feasibility and effectiveness of the proposed
WPT system, a 500 W experimental prototype of the wireless
energy transmission system is constructed. This prototype is
used to assess the anti-offset performance of the system, ensur-
ing its reliability under various operating conditions.

Based on the coil size parameters provided in Table II,
physical coils were wound, and the experimental prototype
was constructed on a 3D motion platform. Fig. 10 displays
the experimental prototype of the system, which includes

Fig. 11. EESC structure.

TABLE IV
MAIN PARAMETERS OF THE WPT SYSTEM PROTOTYPE

Parameters Value Parameter Value
Upe (V) 170.0 f(kHz) 85
L,(uH) 898 L, (uH) 1038
C,(nH) 3.67 C,(nF) 3.16
L (uH) 521 Ly (uH) 804
C, (nF) 6.54 C;(nF) 4.18
M (uH) 64.05 M"(uH) 89.1

the components of the WPT system, such as the DC power
supply, inverter module, rectifier module, transmitter coil 7.,
transmitter-side compensation capacitor C,, receiver coil R,
receiver-side compensation capacitor Cg, and load resistor.
Fig. 11 shows the EESC structure. The inverter and rectifier
components utilize silicon carbide power devices, specifically
the model C3M0075120D. The experimental platform consists
of a three-dimensional moving structure, featuring a stationary
lower level and a three-dimensionally movable upper level.
The transmitting coil is positioned on the lower level, while
the receiving coil is located on the upper movable platform.
Offset control is achieved through the 3D platform interface
controller. The main parameters of the prototype WPT system
are summarized in Table IV.

B. Mutual Inductance Analysis

Firstly, MATLAB is used to develop a program for calcu-
lating the mutual inductance of the coreless coil, allowing
for the determination of the theoretical mutual inductance
value M, for the EESC structure. Secondly, finite element
software is employed for modeling and simulation to obtain
the simulated coupling coefficient M of the EESC structure.
Finally, the self-inductance and mutual inductance of the
physical coil are measured using an impedance analyzer to
obtain the experimental value M.. The error between the
theoretical value and the experimental value is defined as
&, and the error between the simulation value and the ex-
perimental value is defined as ¢,. These errors are calculated
using the following formulas:
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TABLE V
MuTtuAL INDUCTANCE AND ERROR WITHOUT MAGNETIC CORE AT OFFSET
ALONG Y-AXIS

TABLE VI
MUTUAL INDUCTANCE AND ERROR WITH MAGNETIC CORE AT OFFSET
ALONG Y-AXIs

AY/mm M. M M, & &g AY/mm MS Me &
0 64.22 65.81 64.05 027%  2.75% 0 90.49 89.10 1.56%
36.2 64.54 66.03 64.05 0.77% 3.09% 36.2 91.14 88.74 2.70%
108.6 66.13 67.23 65.33 122%  2.91% 108.6 93.76 90.74 3.33%
0, 0,
144.8 66.68 67.64 65.79 135%  2.81% Laas 0418 o1 34 3 11%
181. : ; . 1.87° 159
81.0 66.89 67.73 65.66 87% 3.15% 1810 03,95 o134 > 86%
2172 66.85 67.58 65.56 1.97% 3.08% 17 9350 o122 50
o B o . 0
2534 66.62 67.27 65.04 243% 3.43% i34 031 0071 660
289.6 66.13 66.71 64.43 2.64% 3.54% ’ ’ ' o
289.6 9261 90.36 2.49%
325.8 65.04 65.53 63.05 3.16%  3.93% ’
0,
362.0 62.72 63.05 60.95 2.90% 3.45% 3258 91.63 89.11 2.83%
362.0 89.01 86.19 3.27%
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Fig. 12. Variation curves of coil mutual inductance without magnetic core at
offset along the Y-axis direction.
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Table V presents the mutual inductance values and asso-
ciated errors for the coreless coil when offset along the Y-axis.
From the table, it can be observed that the experimental mutual
inductance of the coil is 64.05 pH when it is aligned. When the
coil is offset by 50% (362 mm) of the outer diameter length of
the launching coil along the Y-axis, the experimental mutual
inductance decreases to 60.95 pH. The fluctuation rate of the
mutual inductance at this offset is 4.84%. The trend of the mu-
tual inductance of the EESC structure with respect to the offset
distance along the Y-axis shows an initial increase followed
by a decrease, which aligns with the theoretical analysis of the
magnetic field behavior in the EESC structure. The error ¢, is
less than 3.16%, and the error ¢; is less than 3.93%. To provide

Y Misalignment (mm)

Fig. 13. Variation curves of coil mutual inductance with magnetic core at offset
along the Y-axis direction.

a more intuitive understanding of the coil’s behavior, Fig. 12
shows the change curve of the mutual inductance of the core-
less coil when offset along the Y-axis. From this curve, it can
be seen that the mutual inductance of the coil remains relative-
ly stable around 64 pH.

Table VI presents the mutual inductance values and associ-
ated errors for the coil with a magnetic medium when offset
along the Y-axis. The experimental mutual inductance is 89.10
puH when the coils are aligned. When the coil is offset by 50%
(362 mm) of the outer diameter length of the launching coil
along the Y-axis, the experimental mutual inductance decreases
to 86.19 uH, with a fluctuation rate of 3.27%. The error &, is
less than 3.33%. To provide a more intuitive view of the coil’s
behavior, Fig. 13 shows the change curve of the mutual in-
ductance for the coil with magnetic core when offset along the
Y-axis. The mutual inductance of the coil changes smoothly
and remains relatively stable at about 89.1 pH.

In summary, both the EESC structures without magnetic
core and those with magnetic cores demonstrate strong offset
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Fig. 14. Variation curves of coil mutual inductance with magnetic core at offset
along the Y-axis direction.
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Fig. 15. Variation curves of system output current and without magnetic core at
offset along the Y-axis direction.

resistance, capable of withstanding 50% (362 mm) offset of the
outer diameter of the transmitter coil in the Y-axis direction. In
all cases, the mutual inductance fluctuation rate remains below
5%, indicating robust performance even under significant dis-
placement.

C. System Performance Analysis

Fig. 14 shows the variation curves of output power and
transmission efficiency of the WPT system without magnetic
medium with offset distance. From Fig. 11, it can be seen that
the output power of the system is 495.44 W when the coil is
aligned. When the offset distance is within 362 mm, the max-
imum output power and minimum output power are 533.9 W
and 473.39 W. The transmission efficiency of the system has a
tendency to increase and then decrease when offset along the
Y-axis. This behavior aligns with the mutual inductance fluctu-
ations shown in Fig. 9, where the transmission efficiency peaks
at 91.3%. The maximum fluctuations in transmission efficiency
and output power are 0.21% and 7.76%, respectively.

Fig. 15 shows the output current variation curve of the core-
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Fig. 16. Variation curves of system output power and transmission efficiency
with magnetic core at offset along the Y-axis direction.

Output Current (A)

Output Current

O 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

Y Misalignment (mm)

Fig. 17. Variation curves of system output current and with magnetic core at
offset along the Y-axis direction.

less system, from which it can be seen that the system output
current is 4.18 A when the coil is aligned, and when the coil
offset distance is within 50% (362 mm) of the outer diameter
length of the transmitter coil, the maximum and minimum out-
put currents of the system are 4.36 A and 4.08 A, respectively,
and the output current fluctuation rate is less than 5%.

Fig. 16 shows the relationship between the output power and
transmission efficiency of the WPT system with magnetic me-
dia and the offset distance. It can be seen that the transmission
efficiency and output power are 92.04% and 482.79 W when
the coil is aligned. When the offset distance is within 362 mm,
the maximum transmission efficiency and minimum measured
efficiency are 93.92% and 92.04%, respectively, and the max-
imum output power and minimum output power are classified
as 486.71 W and 429.78 W, the system efficiency and power
fluctuations are 0.2% and 10.98%, respectively. When offset
along the Y-axis direction, the transmission efficiency shows a
gradual increasing trend, and the transmission efficiency of the
system is as high as 93.92%.

Fig. 17 shows the output current variation curve of the sys-
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TABLE VII
MPPT ALGORITHM PERFORMANCE FOR DIFFERENT PV ARRAY TOPOLOGIES UNDER SHADE CASE-I11

Ref. Coil Structure Transmission Distance / mm Maximum Offset Distance / mm  Offset Rate / %  Fluctuation Rate / %  Output Power / W
[18] FSC 170 200 50% 20.2% 500

[19] Flat Solenoid 170 120 40% 12.3% 500

[24] DQDD 130 150 38.4% 55% 500

[26] ISC 150 225 50% 3.81% 108.8
Proposed EESC 150 362 50% 3.27% 495.6

Note: Offset ratio equals the X/Y direction coil offset distance / the maximum X/Y direction coil outer length.

tem with magnetic core. It can be seen that the system output
current is 3.29 A when the coil is aligned, and when the coil
offset distance is within 50% (362 mm) of the outer diameter
length of the transmitter coil, the maximum and minimum out-
put currents of the system are 3.32 A and 3.13 A, respectively,
and the fluctuation rate of the output current is less than 5%.

D. Comparison of Anti-Offset Performance

In order to demonstrate the resistance to deflection of the
proposed coil structure and the innovativeness of the optimised
design method, the WPT system proposed in this paper is com-
pared with the existing literature, as shown in Table VII.

Compared to the solenoidal coupling structure mentioned in
[18]-[19], the coil structure proposed in this paper has a larger
offset distance and offset rate with a smaller offset resistance.
Compared to the literature [24]-[25], the coil structure pro-
posed in this paper has a larger offset distance while the mutual
inductance fluctuation rate is only 3.27%, which provides a
better anti-offset performance.

VI. CONCLUSION

In this paper, an edge-enhanced stepped coil (EESC) struc-
ture is proposed to improve the anti-offset performance of
the system. Firstly, the model of the edge-enhanced stepped
coil structure is analyzed, and the mutual inductance char-
acteristics of this structure are examined. Secondly, a new
method for calculating the mutual inductance of stepped coils
is introduced, based on the Biot-Savart law. Subsequently, an
optimization strategy is developed, focusing on minimizing the
fluctuation of mutual inductance, to optimize both the coil size
and the core size parameters. Finally, to validate the proposed
methods, a 500 W experimental prototype is constructed. Sim-
ulation and experimental results confirm the accuracy of the
coil mutual inductance calculation method and demonstrate the
robust offset resistance of the coil structure. The experimental
findings show that the mutual inductance fluctuation rate of the
EESC, both with and without a magnetic core, remains below
5% when the system is offset along the Y-axis by 50% (362
mm) of the outer diameter of the transmitting coil. Addition-
ally, the error between the measured mutual inductance and
the theoretical and simulated values does not exceed 5%. The
transmission efficiency of the coreless EESC system is 91.3%,
with an output current of 4.18 A and a fluctuation rate of the

output current less than 5%. The EESC system with magnetic
core achieves a transmission efficiency of 93.92%, an output
current of 3.29 A, a fluctuation rate of the output current of less
than 5%. Therefore, the EESC structure proposed in this study
is well-suited for dynamic wireless charging of electric vehi-
cles. Further research will focus on improving the anti-offset
performance of the EESC coil in the X-axis direction.
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