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A Novel All-Direction Antimisalignment Wireless
Power Transfer System Designed by Truncated

Region Eigenfunction Expansion Method
Zifan Dong , Xiaoming Li, Sheng Liu , Ziwei Xu , and Lin Yang

Abstract—This article proposes a novel wireless power transfer
(WPT) system, which achieves high misalignment tolerance in all
directions by using antiparallel windings. The transmitter coil is
composed of two parts of wires wound in opposite directions;
thus, the magnetic flux with different directions would counteract
partly. With the properly designed parameters, the mutual induc-
tance between transmitter and receiver coils could remain constant
when misalignment occurs. Therefore, the output power and the
efficiency of the system can remain unchanged. Moreover, this
article proposes a novel analytical calculation method for mutual
inductance based on the truncated region eigenfunction expansion
method, which greatly promotes and simplifies the design process
of a magnetic coupler. This method solves the problem of mutual
inductance calculation with a finite ferrite substrate. Factors that
influence the mutual inductance of circular coils are systematically
studied based on the method. Finally, an experimental prototype is
built to verify the validity of the system. The mutual inductance can
remain 97% of the well-aligned value within a 0.1-m misalignment,
and the overall efficiency is consistently higher than 90.2%, while
the fluctuation of the output power is within 3%.

Index Terms—Misalignment tolerance, mutual inductance,
truncated region eigenfunction expansion (TREE), wireless power
transfer (WPT).

I. INTRODUCTION

W IRELESS power transfer (WPT) has become a popular
research interest in recent years in both industry and

academia [1]. Due to its superiority of convenience, flexibility,
reliability, and security, it has aroused great attention in the field
of power electronics. Nowadays, the WPT system has been suc-
cessfully adopted in the applications of biomedical implants [2],
LED lighting [3], electric vehicles (EVs) [4], underwater power
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supply [5], unmanned aerial vehicle (UAV) [6], and so on.
Generally, lateral misalignment between the transmitter coil and
the receiver coil will easily happen in practical applications,
which has been a great challenge in WPT technology. Coil
misalignment is an inherent problem of the WPT system, since
the positions of the coils greatly influence the mutual inductance.
Misalignment will lead to the decline of mutual inductance,
which brings instability to the system and decreases the transfer
efficiency [7]. Therefore, it is significant to design WPT systems
with antimisalignment characteristics.

Various methods focusing on control strategies, topologies,
and coil designs have been proposed to improve the misalign-
ment performance of the WPT system. Some attempts on control
schemes have been made in [8]–[11]. A novel phase-shift con-
trol method was proposed in [8] to achieve high misalignment
tolerance. Liu et al. [9] proposed an active–reactive power
(P–Q) based primary-side controller, which can regulate the
output voltage with coil misalignment or load variations. The
sliding-mode control [10] and proportional–integral–derivative
(PID) control [11] can also be utilized to overcome the problem
of misalignment. However, these methods require closed-loop
controllers and communication devices, which increase the
complexity of the system. The cost, volume, and loss of the
system will increase simultaneously. The control system can be
simplified, or even removed, if the WPT system is inherently
antimisaligned. Therefore, other methods, e.g., topologies and
coil designs, are studied to improve misalignment performance.

The compensation topology is another concern to solve the
problem. With properly selected topologies and parameters,
the misalignment tolerance of the WPT system can be
improved. In [12], a series–parallel/series compensation
topology was adopted to improve misalignment performance.
A series/series–parallel compensation topology was proved
to realize robust reaction to the coupling coefficient [13].
An optimized inductor–capacitor–capacitor (LCC) topology
was proposed to achieve coupling-insensitive gain and output
power [14]. Nevertheless, these methods can only reduce the
output characteristics’ sensitivity to the coupling coefficient or
mutual inductance and, hence, reduce the fluctuation of output
voltage/current and output power when misalignment occurs.
However, they are still unable to keep constant. In some research,
the hybrid topology was proposed to improve the misalignment
tolerance; either coupled or decoupled coils can be used.
Zhao et al. [15] proposed a hybrid LCC–LCC/series–series
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(SS) topology using a combination of two different resonant
networks to realize a constant output power and efficiency
with misalignment. The coils in [15] can also be replaced by
decoupled coils to achieve the same effect [16]. Similarly,
an S-LCC/LCC-S topology was proposed in [17]. One-to-
multiple [18] and multiple-to-one [19] WPT topologies being
able to improve misalignment tolerance were also proposed.
These systems can be regarded as two WPT systems (hybrid or
separated) charging for one load together. They consume much
more amount of copper, more passive components, and even
more converters. Thus, the cost and power loss will increase.

Another solution is to design new structure coils. Tradi-
tionally, circular and square coils have been widely used in
the WPT system. However, these two simple geometries are
of low misalignment tolerance. Many magnetic couplers with
new structures were proposed to improve misalignment tol-
erance [20]–[23]. A double D (DD) pad, which achieves the
misalignment tolerance larger than traditional circular pads with
similar size, was first proposed in [20]. Additional quadrature
coils (referred as Q coil) were added to compose DDQ [16]
and DD2Q [21] pads, which further improved the capability of
antimisalignment. Other new structure pads such as bipolar [22]
and Taichi pads [23] were also presented to obtain a larger
misalignment tolerance. Nevertheless, these methods achieve
high misalignment tolerance only in one direction, which limits
their application.

Coil design is a significant part of the whole WPT system
design. Mutual inductance is the most important parameter to
be designed since it greatly influences the system performance.
To date, coils are designed by a finite-element analysis (FEA)
method in most cases. The calculation of mutual inductance
relies on FEA simulation, which is tedious and complicated. The
processes of 3-D modeling are arduous with heavy workload.
Especially, in the studies on misalignment, in order to acquire
the curve of mutual inductance versus misalignment, models of
each design need to be simulated a large number of times.

Compared to the numerical methods, the analytical method is
more convenient, flexible, and efficient. Hence, the analytical
method of coil design in the WPT system gradually attracts
more attention. In [24], the analytical formula to calculate the
mutual inductance between noncoaxial coils was proposed using
Bessel functions. Commonly, in WPT systems, ferrite substrates
are utilized to enhance the mutual inductance. The calculation
of mutual inductance with ferrite substrates has been analyzed
in [25]–[28]. Research [25] presents an analytical solution to
primary and secondary coils sandwiched by the ferrite substrate
based on Fourier–Bessel transformation. The method was also
used to give a solution to square coils in the same situation [26].
Su et al. [28] further derived the solution with double-layer sub-
strates. However, all the aforementioned derivations are based
on the assumption that the magnetic substrates are infinite in the
radial direction. In usage, the outermost radius or width of the
substrate should be at least twice larger than that of the coils
to obtain a good approximation, which brings huge obstacles in
practical application.

The traditional classical analytical method cannot give solu-
tions to the situation with finite ferrite substrates, since there

will be unsolvable transcendental integral equations in the pro-
cess of solving the interface condition on radial direction. The
truncated region eigenfunction expansion (TREE) method is a
novel and powerful analytical method in solving electromagnetic
field, which has been widely used in the area of eddy current
testing [29], [30]. Same as the classical approach, separation
of variables is used to obtain the analytical expression of elec-
tromagnetic field. Differently, the TREE method truncates the
solution domain to a finite range; thus, the solution will be
expressed in the form of series instead of integral. As a result,
the transcendental integral equations turn to solvable algebraic
equations.

In this article, a novel WPT system with all-direction an-
timisalignment characteristic is proposed. The transmitter coil
consists of two parts of wires wound in opposite directions; then,
the magnetic flux of different directions would counteract in
part. As a result, the total mutual inductance between transmitter
and receiver coils could remain constant when misalignment
occurs. Therefore, the output current, power, and efficiency can
remain unchanged, which brings great convenience to practical
applications, simplifying or even canceling control schemes.
Due to the axisymmetric shapes, the system can achieve high
misalignment tolerance in full 360◦ range. Furthermore, this
article presents a novel analytical calculation method for the
mutual inductance based on the TREE method, which is ex-
tremely helpful to the design of the proposed antimisalignment
WPT system. The method can accurately calculate the mutual
inductance of circular coils with finite ferrite substrates. The
factors that influence the mutual inductance of circular coils
with finite ferrite substrate are systematically studied. Finally,
an experimental prototype was established to verify the validity
and feasibility of the proposed system. The system can be widely
used in the cases where the position of load is not fixed, e.g., EVs,
biomedical implants, and consumer electronics. Considering
the axisymmetric antimisalignment characteristic, the system
is very suitable for charging the drones, since the landing error
of a drone can occur in every direction.

The remainder of this article is organized as follows. Section II
establishes a mathematical model of the proposed WPT system.
The novel analytical calculation method for the mutual induc-
tance is derived in Section III. In Section IV, a comprehensive
analysis of the mutual inductance is demonstrated. Section V
proposes a methodology for system design and Section VI veri-
fies the antimisalignment characteristic of the proposed system
with the experiment. Finally, Section VII concludes this article.

II. SYSTEM MODELING AND ANALYSIS

Fig. 1 shows the prototype of the proposed all-direction
antimisalignment WPT system, which consists of a dc voltage
source, a full-bridge inverter, a magnetic coupler, a full-bridge
rectifier, and a load. In this section, the first harmonic approxima-
tion method is utilized to analyze the system. The fundamental
component of the output voltage of the inverter is deduced as

u1(t) =
4

π
Uin sinωt (1)
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Fig. 1. Circuit diagram of the proposed all-range antimisalignment WPT
system.

where Uin denotes the input voltage, ω is the operating angular
frequency, and ω = 2πf .

Therefore, the phasor form of u1 can be written as

U̇1 =
2
√
2

π
Uin∠0. (2)

Then, the circuit equation can be obtained according to
Kirchhoff’s law as follows:{

U̇1= (jωL1 +
1

jωC1
+Rp)İ1 − jωM12İ2

0= −jωM12İ1 + (jωL2 +
1

jωC2
+Rs +Req)İ2

(3)

where L1 and L2 denote the self-inductance of the transmitter
and receiver coils, respectively. C1 and C2 denote the cor-
responding compensation capacitors. Rp and Rs denote the
equivalent series resistance (ESR) of primary and secondary
coils, respectively. M12 is the mutual inductance between the
two coils, and Req is the equivalent resistance of the rectifier
and the load.

The topology of the system is chosen as SS compensation
for the sake of simplicity, and the SS topology can achieve both
constant-current output and zero-phase-angle condition [31]. In
the system, each coil is of the same resonate angular frequency
ω = 1√

L1C1
= 1√

L2C2
. Then, the circuit equation can be simpli-

fied as {
U̇1 = Rpİ1 − jωM12İ2
0 = −jωM12İ1 + (Rs +Req) İ2.

(4)

Thus, İ1 and İ2 can be solved as⎧⎪⎪⎨
⎪⎪⎩

İ1 =
(Rs +Req)U̇1

ω2M2 +RpReq +RpRs

İ2 =
jωMU̇1

ω2M2 +RpReq +RpRs
.

(5)

Assuming that the power loss of the rectifier is neglected,
the equivalent resistance Req and the output current Iout can be
deduced as

Req =
8

π2
RL (6)

Iout =
2
√
2

π

∣∣∣İ2∣∣∣ (7)

where |İ2| denotes the modulus of İ2 [32].
Then, the efficiency from the output of the inverter to the load

can be calculated as

η=

∣∣∣İ2∣∣∣2Req

Re(U̇1İ1)
=

ω2M2Req

(Rs +Req)(ω2M2 +RpReq +RpRs)
(8)

Fig. 2. Structure of the proposed magnetic coupler. (a) Overview. (b) Trans-
mitter coil.

Fig. 3. Equivalent circuit diagram of the magnetic coupler.

where Re denotes the real part of a phasor.
In this article, the antimisalignment characteristic is the inher-

ent property of the system. It depends on the magnetic coupler
rather than the circuit topology or the control scheme. Thus, it
is significant to properly design the magnetic coupler.

The structure of the proposed magnetic coupler is shown in
Fig. 2. The magnetic coupler is composed of a transmitter coil
L1 in the primary side and a receiver coil L2 in the secondary
side. The coils and the ferrite are all designed as circular shape
in order to obtain the axisymmetric property. The transmitter
coil consists of two parts of wires wound in opposite directions
(clockwise and counterclockwise), as is shown in red and blue
in Fig. 2. Wires with different winding directions will produce
magnetic flux with opposite directions according to Lenz’s law.
Therefore, the transmitter coil can be regarded as two single coil
series reversely. The equivalent circuit diagram of the magnetic
coupler is shown in Fig. 3.

In Fig. 3, La and Lb denote the turns with different winding
directions in the transmitter coil. According to the Kirchhoff
voltage law, the self-inductance and the mutual inductance be-
tween the two coils can be calculated as

L1=La + Lb − 2Mab (9)

L2 = Lc (10)

M12 = Mac −Mbc. (11)

When misalignment occurs, Mac and Mbc will decrease si-
multaneously. The antimisalignment characteristic can be ob-
tained if the magnitudes of the decline ΔMac and ΔMbc are
the same, i.e., the difference between Mac and Mbc remains
constant. Then, the mutual inductance between primary and
secondary coils, M12, will remain unchanged. Therefore, the
key point is to study the curve of mutual inductance versus
misalignment.
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Fig. 4. Cross-sectional axisymmetric view of a filamentary coil above a finite
ferrite substrate.

III. ANALYTICAL DERIVATION

In this section, the TREE method is utilized to obtain the
analytical solution of the time-harmonic electromagnetic field
and then calculate the mutual inductance between planar circular
coils with a finite ferrite substrate.

A. Coaxial Filamentary Coils

Considering the axisymmetric geometries, the cylindrical co-
ordinate system (r, ϕ, z) is established instead of the Cartesian
one (x, y, z). The cross-sectional axisymmetric view of two
filamentary coils above a finite ferrite substrate and the geo-
metric parameters is shown in Fig. 4. The primary coil with
the radius r1 is placed on a linear, homogeneous, and isotropic
circular ferrite substrate with the relative magnetic permeability
μr and conductivity σ. The radius and thickness of the ferrite
substrate are c and d, respectively. The primary coil is excited
by steady-state sinusoidal current Iejωt.

The solution domain is truncated in the form of a cylinder at
r = h. The domain is divided into four regions separated by the
planes z = z1, z = 0, and z = −d, denoted as regions 1, 2, 3,
and 4. The magnetic vector potential A with the Lorenz gauge
is introduced in order to facilitate the analysis. Therefore, the
magnetic flux density B and the magnetic field strength H can
be calculated as {

B = ∇×A
H = μ · ∇ ×A

(12)

where ∇ denotes the nabla operator and μ denotes the magnetic
permeability.

It is proved that the magnetic vector potential A has only
circumferential component, i.e., A = A · �eϕ, in the axisymmet-
ric time-harmonic electromagnetic field [33]. Deduced from
Maxwell’s equations, the magnitude of magnetic vector poten-
tial in each region Aα (α = 1, 2, 3, 4) satisfies the following
constraint equation:

∇2Aα + (kα
2 − 1

r2
)Aα = 0 (13)

where k1 = k2 = k4 = 0 and k3
2 = −jωμ0μrσ [29], [33]. ∇2

denotes the Laplace operator.
The partial differential equation (13) can be solved by the

method of variable separation. It can be solved in the form of
integral [33], [34] or in the form of series [29]. According to the

TREE method, the general solution of (13) can be written as

A(r, z) =
∞∑
i=1

[AiJ1(kir) +BiY1(kir)]·
[
Cie

λiz +Die
−λiz

]
(14)

where ki is an eigenvalue and λi =
√

ki
2 + jωμ0μrσ.

Ai, Bi, Ci, and Di are unknown coefficients determined by in-
terface conditions. J1(x) and Y1(x) denotes the Bessel function
of the first and the second kind, respectively [35]. They have the
following properties [36]:

lim
x→0

J1(x) = 0, lim
x→∞ |J1(x)| = 0

lim
x→0

|Y1(x)| = ∞, lim
x→∞ |Y1(x)| = 0.

(15)

Note that the magnetic vector potential at r = 0 should be
finite. Due to the divergence of Y1(x) at the origin, Bi should be
set as 0. Therefore, A(r, z) in regions 1, 2, and 4 can be deduced
as

A1(r, z) =

∞∑
i=1

J1(kir)e
−kizDi

(1) (16)

A2(r, z) =
∞∑
i=1

J1(kir)(e
kizCi

(2) + e−kizDi
(2)) (17)

A4(r, z) =

∞∑
i=1

J1(kir)e
kizCi

(4). (18)

According to the TREE method, the Dirichlet condition is
applied to the boundary, which means that the magnetic vector
potential vanishes at r = h, i.e., A(h, z) = 0. Thus, the eigen-
values ki can be solved from the equation J1(kih) = 0.

Region 3 includes two subregions: the ferrite and the air.
According to the method of variable separation, the general
solution of A(r, z) consists of two parts, which are the functions
of r and z:

R(r) = AJ1(qr) +BY1(qr) (19)

Z(z) = Cepz +De−pz (20)

where the eigenvalues are q and p =
√

q2 + jωμ0μrσ. In order
to construct a solution for the air subregion, one can replace q
by p in R(r) or replace p by q in Z(z); in either case, Laplace’s
equation for the magnetic vector potential in air is satisfied [29].
The former one is chosen, making the z-dependence solution
Z(z) of the air region conform to that of the ferrite region. The
expressions for the two subregions are then written as

Afer
3 (r, z) =

∞∑
i=1

J1(qir)(e
pizCi

(3) + e−pizDi
(3)) (21)

Aair
3 (r, z) =

∞∑
i=1

[(Ai
(3)J1(pir) +Bi

(3)Y1(pir))·

(epizCi
(3) + e−pizDi

(3))]. (22)

Due to the continuity of the normal component of B and
the tangential component of H, the interface condition on the
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interface r = c can be shown as

J1(qic) = AiJ1(pic) +BiY1(pic) (23)

1

μr
qiJ0(qic) = AipiJ0(pic) +BipiY0(pic). (24)

Thus, the coefficients Ai and Bi can be solved as

Ai =
− 1

μr
qiJ0(qic)Y1(pic) + piJ1(qic)Y0(pic)

piJ1(pic)Y0(pic)− piJ0(pic)Y1(pic)
(25)

Bi =

1
μr

qiJ0(qic)J1(pic)− piJ1(qic)J0(pic)

piJ1(pic)Y0(pic)− piJ0(pic)Y1(pic)
. (26)

Note that R(pir) = AiJ1(pir) +BiY1(pir); then, Aair
3 (r, z)

can be rewritten as

Aair
3 (r, z) =

∞∑
i=1

R(pir)(e
pizCi

(3) + e−pizDi
(3)). (27)

Therefore, the eigenvalues pi and qi can be solved similarly
by R(pih) = 0.

According to the interface conditions, Bz and Hr are con-
tinuous at the horizontal interfaces z = z0, z = 0, and z = −d.
Thus, it can be obtained that

A1(r, z1) = A2(r, z1) (28)

∂A1(r, z)

∂z

∣∣∣∣
z=z1

− ∂A2(r, z)

∂z

∣∣∣∣
z=z1

= −μ0Iδ(r − r0) (29)

A2(r, 0) = A3(r, 0) (30)

∂A2(r, z)

∂z

∣∣∣∣
z=0

=
1

μr

∂A3(r, z)

∂z

∣∣∣∣
z=0

(31)

A3(r,−d) = A4(r,−d) (32)

1

μr

∂A3(r, z)

∂z

∣∣∣∣
z=−d

=
∂A4(r, z)

∂z

∣∣∣∣
z=−d

. (33)

Although the complete solution is an infinite series, practi-
cally, only a finite number of summation terms n are needed
for a good approximation of the solution, due to the quick
convergence of the series [29]. In order to simplify the derivation,
expressions of A(r, z) can be rewritten in the form of matrix.
Take A1(r, z) as an example

A1(r, z) =

n∑
i=1

J1(kir)e
−kizDi

(1) = J1(k
Tr)e−kzD(1)

(34)
where

J1(k
Tr) = [J1(k1r) J1(k2r) · · · J1(knr) ]

ekz=

⎡
⎢⎢⎢⎣
ek1z 0 · · · 0
0 ek2z · · · 0
...

...
. . .

...
0 0 · · · eknz

⎤
⎥⎥⎥⎦,D(1) =

⎡
⎢⎢⎢⎢⎣
D

(1)
1

D
(1)
2
...

D
(1)
n

⎤
⎥⎥⎥⎥⎦ .

(35)

Multiplying each side of the above equations with J1(k
Tr),

integrating from 0 to h with respect to r, and using the orthog-
onality property of the Bessel function, we obtain

∫ h

0

J1(kir)J1(kir)rdr =

⎧⎨
⎩

0, i �= j

[hJ0(kih)]
2

2
, i = j

. (36)

Then, (28) becomes

e−kz0D(1) = ekz0C(2) + e−kz0D(2). (37)

Similarly, (29)–(33) can be rewritten as

−Eke−kz0D(1)=Ek(ekz1C(2)−e−kz1D(2))−μ0Ir1J1(kr1)
(38)

E(C(2) +D(2)) = U(C(3) +D(3)) (39)

Ek(C(2) −D(2)) = Vp(C(3) −D(3)) (40)

U(e−kdC(3) + ekdD(3)) = Ee−kdC(4) (41)

Vp(e−kdC(3) − ekdD(3)) = EkC(4) (42)

where

J1(kr1) = [J1(k1r1) J1(k2r1) · · · J1(knr1) ]T (43)

Eij =

∫ h

0

J1(kir)J1(kjr)rdr = δij
[hJ0(kih)]

2

2
(44)

Uij =

∫ c

0

J1(kir)J1(qjr)rdr +

∫ h

c

J1(kir)R1(pjr)rdr

(45)

Vij =
1

μr

∫ c

0

J1(kir)J1(qjr)rdr +

∫ h

c

J1(kir)R1(pjr)rdr.

(46)

δij is the Kronecker symbol. k, p, e−kz1 , ekz1 , e−kd, and ekd

are nth-order diagonal matrices. D(1), C(2), D(2), C(3), D(3),
and C(4) are column vectors.

The matrix equations (38)–(42) can be solved symbolically
by hand or numerically by computing software MATLAB or
Mathematica. Here, we only concentrate on the magnetic field
in region 1. Once the coefficients D(1) are solved out, the
magnetic flux can be calculated by Neumann’s formula Φ12 =∮
l2
A1(r2, z2) · dl2. Then, the mutual inductance can be derived

as

M12 =
Φ12

I
=

2πr2
I

n∑
i=1

J1(kir)e
−kizDi

(1). (47)

Note that the current I can be canceled out since there is a
coefficient μ0Ir1 in Di

(1).

B. Noncoaxial Filamentary Coils

For the case of two noncoaxial filamentary coils, the mutual
inductance can be calculated in the same way by Neumann’s
formula. Fig. 5 illustrates the top view of two misaligned fila-
mentary coils, and the ferrite substrate is omitted. The magnetic
field generated by the transmitter coil will not be altered by the
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Fig. 5. Top view of two noncoaxial circular filamentary coils.

Fig. 6. Cross-sectional view of two multiturn planar spiral coils.

movement of the receiver coil. The magnetic vector potential
in region 1 is the same as the well-aligned case. Similarly, the
mutual inductance is derived as

M12 =
1

I

∮
l2

A1(r, z2) · dl2 =
1

I

∫ 2π

0

A1(r, z2) · cosαr2dθ

=
1

I

∫ 2π

0

[
n∑

i=1

J1(kir)e
−kiz2Di

(1)

]
r2 − l cos θ

r
r2dθ
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r
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]
dθ

(48)

where r =
√
l2 + r22 − 2lr2 cos θ. When l = 0, (48) reduces to

(47).

C. Multiturn Coils

Fig. 6 shows the cross-sectional view of the multiturn planar
spiral coils. Based on the derivation on filamentary coils, the
mutual inductance between two multiturn coils can be calculated
by the superposition principle [37]. The outer diameter of the
coil is much larger than the turn space. Therefore, the spiral coil
can be regarded as several concentric circular filamentary coils
in series. For a primary coil with N1 turns and a secondary coil
with N2 turns, the mutual inductance can be calculated as

M=

N1∑
i=1

N2∑
j=1

Mij (49)

where Mij denotes the mutual inductance between two single
loops, as shown in Fig. 6. The radius of each coil ri and rj can

Fig. 7. Verification of the analytical method by FEA simulation.

be calculated as

ri = R1 − t1(i− 1)− dw
2
, i = 1, 2, . . . , N1 (50)

rj = R2 − t2(j −1)− dw
2
, j = 1, 2, . . . , N2 (51)

wheredw denotes the wire diameter. Then,Mij can be calculated
by substituting ri and rj into (48).

D. Simulation Verification

To verify the validity of proposed formulas, FEA simulation
software Ansoft Maxwell is used to calculate the mutual induc-
tance in the same case with analytical calculation by MATLAB.
In the example, the radius of the coils is set equally as 0.2 m, i.e.,
R1 = R2 = 0.2 m. The numbers of turns are N1 = N2 = 10.
The turn spaces are t1 = t2 = 4.8 mm. The distance between
the transmitter coil and the upper surface of the ferrite substrate
is z1 = 2.6 mm. The distance between two coils is z2 = 15 cm.
The radius and the thickness of the ferrite c and d are 0.2 m
and 4 mm, respectively. μr = 2300, σ = 0.001 S/m, and f =
85 kHz. The wire diameter is dw = 3.2 mm. The calculation
results compared with FEA simulation results are shown in
Fig. 7.

The simulation results are in good agreement with the analyti-
cal results, which verifies the validity of the analytical derivation
and the proposed formula.

IV. ANALYSIS OF MUTUAL INDUCTANCE

As shown in Fig. 7, with the receiver coil moving away
from the well-aligned position, the curve of mutual inductance
versus misalignment shows a downward trend. In order to find
two curves with identical shape, i.e., the two curves are ap-
proximately parallel, factors that affect the shape of the mutual
inductance curve should be fully studied.

In this section, the influence of outer radius, number of turns,
and turn space of the transmitter coil on the mutual inductance is
analyzed. The study is carried out by making one of the parame-
ters as a variable, as shown in Table I. The other parameters are
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TABLE I
PARAMETERS OF THE TESTED CALCULATION EXAMPLES

Fig. 8. Mutual inductance versus lateral misalignment among different outer
radius R2 (R2 = 20 cm, N1 = N2 = 10, and t1 = t2 = 4.8 mm).

the same as those in the calculation example in Section III. The
analysis can provide guidance to the coil design in next section.

A. Outer Radius

Fig. 8 shows the curve of mutual inductance versus lateral
misalignment among different outer radius R1, and it ranges
from 0.05 to 0.20 m, while R2 = 0.2 m, N2 = 10, and t2 =
4.8 mm. The mutual inductance results are also normalized with
the well-aligned value (M |l=0) for clearer comparison. It can
be seen from Fig. 8 that the mutual inductance increases with
the enlargement of R1, which is consistent with equation (48).
Expanding outer radius will decrease the curve’s rate of descent,
making the curve smoother.

B. Number of Turns

The second test is carried out with different number of turns
of the transmitter coil, and the result is shown in Fig. 9. Ac-
cording to (49), the mutual inductance becomes larger when the
number of turns increases, as demonstrated in Fig. 9. In practical
applications, the size and geometrical dimension of the coils are
usually under various restrictions, which brings obstacles to the
coil design. Therefore, increasing the number of turns instead of
enlarging coil radius becomes an effective way to improve the
mutual inductance under these circumstances. In addition, on
the contrary with expanding outer radius, increasing the number
of turns will steepen the curve.

Fig. 9. Mutual inductance versus lateral misalignment among different num-
ber of turns N1 (R1 = R2 = 20 cm, N2 = 10, and t1 = t2 = 4.8 mm).

Fig. 10. Mutual inductance versus lateral misalignment among different turn
space t1 (R1 = R2 = 20 cm, N1 = N2 = 10, and t2 = 4.8 mm).

C. Turn Space

As shown in Fig. 6, turn space t1 actually affects the radius
of each filamentary loop in the spiral coil. Fig. 10 illustrates that
the mutual inductance descends with the increase in turn space.
The influence of turn space on the mutual inductance is not
significant compared to the aforementioned factors. It should be
noted that the ESR of the coil increases with the decline of turn
space due to skin effect and proximity effect, which may reduce
the power transfer efficiency [38]. However, the increase in turn
space will obviously enlarge the volume of the coils, leading to a
low energy density of the system and inconvenience in practical
application.

V. DESIGN OF THE MAGNETIC COUPLER

With the derived formula in Section III and the analysis
in Section IV, the required magnetic coupler can be easily
designed. The analytical formula greatly reduces the workload
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Fig. 11. Flowchart for the design process of the magnetic coupler.

of coil design and makes it possible to design automatically
by program in computing software instead of FEA simulation
software.

In practical application, the size of the transmitter coil and the
receiver coil is under various restrictions according to uses, envi-
ronment, and structure. Therefore, in this section, the outermost
radius of the transmitter coil Ra and that of the receiver coil Rc

are selected by users. Similarly, the number of turns (Na, Nc),
other geometrical parameters (t1, t2, z1, z2, dw, c, and d), and
physical parameters (μr,σ, and f ) are also determined manually.
Therefore, the design procedure can be regarded as working out
the radiusRb and turn numberNb of antiparallel windings under
given parameters.

Fig. 11 shows the flowchart for the design process of the
magnetic coupler. The program starts with given initial values
of Rb and Nb, notating as R0 and N0 and then increasing Rb

by a little step ΔR and N0 by 1 gradually to their maximum.
The performance of design result is evaluated by the standard
deviation σ of equivalent mutual inductance Me. The lower
the σ, the smaller the fluctuation of mutual inductance when
misalignment occurs, and the better performance of the design.
The optimization objective is the minimum σ within the mis-
alignment l.

In this article, considering the application of drones, the
parameters are designed to be compatible with the requirements
of the drone DJI-MATRICE-100 as an example. Limited by the
size of the drone, the geometrical parameters are selected as
Ra = 0.2 m, Na = 10, Rc = 0.1 m, Nc = 20, z1 = 2.6 mm,
and z2 = 10 cm. The turn spaces are chosen as t1 = t2 =

Fig. 12. Mutual inductances versus misalignment of the designed magnetic
coupler.

3.2 mm in order to make the system more compact. The param-
eters of ferrite substrate are c = 0.2 m, d = 4 mm, μr = 2300,
and σ = 0.001 S/m, which are dependent on the ferrite material
used in the experiment. Similarly, dw is 3.2 mm since the litz
wire with 3.2-mm diameter is utilized in the experiment. The
operating frequency is chosen as 300 kHz due to that the quality
factor of the coil can be increased with a high frequency. The step
ΔR = 0.001 m. The landing error of the drone is 0.1 m; thus, l
is set as 0.1 m. Finally, the design results are Rbest = 0.100 m,
Nbest = 3, and σ = 0.0944 μH. The calculated, simulated, and
measured mutual inductance versus misalignment is shown in
Fig. 12.

The influence of antiparallel windings is reflected in the
mutual inductance. For the proposed system, it maintains good
stability, M12, as shown in Fig. 12, while that of the traditional
system without antiparallel windings shows a downward trend,
Mac, as shown in Fig. 12. Therefore, according to (5) and (7),
the output current and power can remain stable with the help of
antiparallel windings. M12 is lower than Mac, which means the
proposed system has a higher current gain. Thus, the system has
a larger output power under the same input voltage, showing a
larger power capability. The efficiency of the proposed system
would be slightly lower than that of the traditional system due to
the decline of mutual inductance. However, this drawback can be
minimized by properly designing the coil. Since the antiparallel
windings are designed to be small, they would merely have a
little effect on efficiency.

With the measured mutual inductance in Fig. 12 and other
parameters given in Section VI, the theoretical efficiency of the
system can be calculated by (8), as shown in Fig. 13. It can be
seen that the system can maintain a high efficiency at different
load resistance and misalignment, and it can remain constant
when misalignment occurs. To sum up, the antiparallel windings
can bring a stable output current and power, a higher current gain
and power capability, and a slightly lower but stable efficiency.

Fig. 14 shows the magnetic field distribution of the proposed
magnetic coupler by Ansoft Maxwell, compared to the one
without antiparallel windings. The transmitter coils are excited
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Fig. 13. Calculated efficiency of the proposed WPT system versus load
resistance and misalignment.

Fig. 14. Magnetic field distribution of the coupler (a) with and (b) without
antiparallel windings.

by 1 A current. It can be seen from Fig. 14 that there is a little
zero-magnetic-flux-density area in the proposed coupler, which
illustrates the magnetic field counteracting characteristic of the
proposed coupler, as stated in Section II.

VI. EXPERIMENT

A. Verification Experiment

In this section, an experimental prototype of the antimisalign-
ment WPT system is established to verify the theoretical anal-
ysis, as shown in Fig. 15. The experimental prototype is made
up of a dc voltage source, a full-bridge inverter, a magnetic
coupler, a full-bridge rectifier, and a load resistance. The in-
verter consists of four MOSFETs (IRFP250 N), while four diodes
(MBR16100CT) are utilized to compose the rectifier. The values
of system parameters are shown in Table II.

The pad was designed by the methodology proposed in
Section V, and the geometrical parameters are listed in Table III.
Due to the difficulty in manufacturing large round ferrite, the
substrate was pieced together by 54× 23× 4 mm ferrite cuboid
PC 40. Litz wire of 400 strands with the 3.2-mm diameter is

Fig. 15. Experimental prototype of the proposed WPT system.

TABLE II
SYSTEM PARAMETERS OF THE EXPERIMENT

TABLE III
GEOMETRICAL PARAMETERS OF THE DESIGNED COIL

utilized to wind the coil, which can reduce the ESR. The distance
between two coils in experiment is z2 = 10 cm.

Fig. 16 shows the experimental waveforms of input volt-
age/current and output voltage/current of the proposed system
in different positions when RL = 20 Ω. U ′

1 is the input voltage
to the primary side, which was generated by the full-bridge
inverter, and I1 is the current of the primary side. Uout and
Iout are the waveforms of output voltage and current of the
rectifier, respectively, and they remain almost unchanged in
all misalignment cases, which indicates that the system can
achieve antimisalignment characteristic. U ′

1 and I1 are of the
same phase angle, since the operating frequency is set as same
as the resonant frequency of the coils and capacitors. The actual
operating frequency in the experiment was 292.8 kHz due to the
manufacture error between the real value and the designed value
among the capacitance.

B. Comparison Experiment

In order to discuss the merits and demerits of the proposed
design, two groups of comparison experiments are carried out.
The proposed coil design is noted as design 1, the proposed coil
design without the antiparallel loop is named as design 2, and
an optimized traditional pad is named as design 3. These three
designs are shown in Fig. 17.

For the optimized pad (design 3), the outer radius is set as
same as the proposed design, which is 20 cm. It has been proved
that a smaller inner radius could always improve the magnetic
coupling. When the ratio of inner and outer radii is about 0.4,
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Fig. 16. Experimental waveforms of U1, I1, Uout, and Iout when RL = 20Ω.
(a) Well aligned. (b) 0.05-m misalignment. (c) 0.1-m misalignment.

Fig. 17. View of different pads. (a) Design 1. (b) Design 2. (c) Design 3.

the system would have the best coupling factor [39]. Therefore,
the inner radius of design 3 is approximately 8 cm. In [39], it is
shown that for the single-layer spiral coil, the magnetic coupling
is only affected by the outer and inner diameter. The conductor
diameter, the separation of the conductors, and the number of
turns could be chosen arbitrarily if the inner and outer radii are
constant. To have a better comparison, the self-inductance of
design 3 is set roughly equal to that of designs 1 and 2. Therefore,
the number of turns is set as 14, and wires are equally separated
in the area.

The self-inductances of these three designs are 112.6, 110.0,
and 110.8 μH, respectively. Other experimental parameters are
the same as those in Table II. The load resistance is RL = 20 Ω.
The measured coupling coefficients and overall efficiency are

Fig. 18. Comparison of coupling coefficients and system efficiency.

Fig. 19. Comparison of output power and its normalized value.

Fig. 20. System loss distribution chart at 0.1-m misalignment when RL =
20 Ω.

shown in Fig. 18. The output power and its normalized value of
each design are shown in Fig. 19.

Fig. 18 illustrates that the coupling coefficient and efficiency
of the proposed system can basically remain stable. The effi-
ciency is above 90.2% within a 0.1-m misalignment. However,
compared to the two traditional designs, the coupling coefficient
is lower in each position, which leads to the efficiency of the
proposed system a little bit lower than that of the traditional
system in all cases. However, the antiparallel windings only have
a small effect on system efficiency, since they are designed to
be very small.

Fig. 19 shows that the output power of the proposed design
has a good stability. The output power can remain constant
when misalignment occurs, while that of the traditional system
changes significantly due to the decline of mutual inductance.
Without antiparallel windings, the output power changes by 40%
at 0.1-m misalignment. In the meantime, the output power of
the optimized system increases to 140%. Besides, the proposed
system has a higher output gain, the output power is higher than
that of traditional design at each position.

The power loss distribution of the system at 0.1-m misalign-
ment is shown in Fig. 20. Since the output current/power and
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TABLE IV
COMPARISON BETWEEN THE STATE-OF-THE-ART WORK AND THIS ARTICLE

efficiency in each misaligned case are almost the same, the loss
distribution is approximately the same as well. The power loss
of the magnetic coupler accounts for the majority of the total
loss.

To sum up, the addition of antiparallel windings slightly
reduces system efficiency, but the output stability is improved
dramatically. The proposed method is useful in improving mis-
alignment tolerance. The comparisons between state-of-the-art
work and this article are listed in Table IV.

VII. CONCLUSION

This article proposes a novel all-direction antimisalignment
WPT system by using antiparallel windings. A thorough mathe-
matical model of the proposed system is established to illustrate
the realization of high misalignment tolerance in theory. The
antimisalignment characteristic is the inherent property of the
magnetic coupler, which does not rely on the compensation
topologies and control schemes. According to the newly de-
signed coils, the mutual inductance can remain constant when
misalignment occurs; thus, the output power can remain stable
as well. Furthermore, a novel analytical method to calculate
mutual inductance with a finite ferrite substrate based on the
TREE method is proposed. It improves and simplifies the coil
design process, which is dependent on FEA software in previous
research. Finally, experiments have been carried out to verify the
correctness and feasibility of the system. The system can keep
a 7.2-μH mutual inductance among 0.1-m misalignment. The
efficiency is above 90.2% in all cases, and the fluctuation of the
output power is within 3%. The system can be widely used in
EVs and UAVs.

REFERENCES

[1] Z. Zhen, H. Pang, A. Georgiadis, and C. Cecati, “Wireless power transfer—
An overview,” IEEE Trans. Ind. Electron., vol. 66, no. 2, pp. 1044–1058,
Feb. 2019.

[2] S. Ping, A. P. Hu, S. Malpas, and D. Budgett, “A frequency control
method for regulating wireless power to implantable devices,” IEEE Trans.
Biomed. Circuits Syst., vol. 2, no. 1, pp. 22–29, Mar. 2008.

[3] Z. Yan, Q. Siyao, Q. Zhu, L. Huang, and A. P. Hu, “A simple brightness and
color control method for LED lighting based on wireless power transfer,”
IEEE Access, vol. 6, pp. 51 477–51483, 2018.

[4] D. H. Tran, V. B. Vu, and W. Choi, “Design of a high efficiency wireless
power transfer system with intermediate coils for the on-board charg-
ers of electric vehicles,” IEEE Trans. Power Electron., vol. 33, no. 1,
pp. 175–187, Jan. 2018.

[5] H. Fukuda, N. Kobayashi, K. Shizuno, S. Yoshida, M. Tanomura, and
Y. Hama, “New concept of an electromagnetic usage for contactless
communication and power transmission in the ocean,” in Proc. IEEE Int.
Underwater Technol. Symp., Mar. 2013, pp. 1–4.

[6] T. Long, M. Ozger, O. Cetinkaya, and O. B. Akan, “Energy neutral
internet of drones,” IEEE Commun. Mag., vol. 56, no. 1, pp. 22–28,
Jan. 2018.

[7] J. P. K. Sampath, A. Alphones, and D. M. Vilathgamuwa, “Figure of
merit for the optimization of wireless power transfer system against
misalignment tolerance,” IEEE Trans. Power Electron., vol. 32, no. 6,
pp. 4359–4369, Jun. 2017.

[8] Y. Liu, U. K. Madawala, R. Mai, and Z. He, “Zero-phase-angle con-
trolled bidirectional wireless EV charging systems for large coil mis-
alignments,” IEEE Trans. Power Electron., vol. 35, no. 5, pp. 5343–5353,
May 2020.

[9] Y. Liu, U. K. Madawala, R. Mai, and Z. He, “Control of wireless power
transfer systems under large coil misalignments,” in Proc. IEEE 15th
Brazilian Power Electron. Conf./5th IEEE Southern Power Electron. Conf.,
2019, pp. 1–4.

[10] F. F. Van Der Pijl, M. Castilla, and P. Bauer, “Adaptive sliding-mode control
for a multiple-user inductive power transfer system without need for
communication,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 271–279,
Jan. 2013.

[11] M. J. Neath, A. K. Swain, U. K. Madawala, and D. J. Thrimawithana, “An
optimal PID controller for a bidirectional inductive power transfer system
using multiobjective genetic algorithm,” IEEE Trans. Power Electron.,
vol. 29, no. 3, pp. 1523–1531, Mar. 2014.

[12] J. L. Villa, J. Sallan, J. F. S. Osorio, and A. Llombart, “High-misalignment
tolerant compensation topology for ICPT systems,” IEEE Trans. Ind.
Electron., vol. 59, no. 2, pp. 945–951, Feb. 2012.

[13] J. Hou, Q. Chen, S. Wong, C. K. Tse, and X. Ruan, “Analysis and control
of series/series-parallel compensated resonant converter for contactless
power transfer,” IEEE Trans. Emerg. Sel. Topics Power Electron., vol. 3,
no. 1, pp. 124–136, Mar. 2015.

[14] H. Feng, T. Cai, S. Duan, J. Zhao, X. Zhang, and C. Chen, “An LCC-
compensated resonant converter optimized for robust reaction to large
coupling variation in dynamic wireless power transfer,” IEEE Trans. Ind.
Electron., vol. 63, no. 10, pp. 6591–6601, Oct. 2016.

[15] L. Zhao, D. J. Thrimawithana, and U. K. Madawala, “Hybrid bidirectional
wireless EV charging system tolerant to pad misalignment,” IEEE Trans.
Ind. Electron., vol. 64, no. 9, pp. 7079–7086, Sep. 2017.

[16] L. Zhao, S. Ruddell, D. J. Thrimawithana, U. K. Madawala, and P. A. Hu,
“A hybrid wireless charging system with DDQ pads for dynamic charging
of EVS,” in Proc. IEEE PELS Workshop Emerg. Technol.: Wireless Power
Transfer, 2017, pp. 1–6.

[17] Y. Chen, B. Yang, Z. Kou, Z. He, G. Cao, and R. Mai, “Hybrid and reconfig-
urable IPT systems with high-misalignment tolerance for constant-current
and constant-voltage battery charging,” IEEE Trans. Power Electron.,
vol. 33, no. 10, pp. 8259–8269, Oct. 2018.



DONG et al.: NOVEL ALL-DIRECTION ANTIMISALIGNMENT WPT SYSTEM DESIGNED BY TREE METHOD 12467

[18] J. Chen et al., “Free-positioning wireless power transfer system based on
one-to-multiple topology,” IEEE Trans. Power Electron., vol. 35, no. 10,
pp. 9959–9964, Oct. 2020.

[19] J. W. Kim et al., “Wireless power transfer for free positioning using com-
pact planar multiple self-resonators,” in Proc. IEEE MTT-S Int. Microw.
Workshop Ser. Innov. Wireless Power Transmiss.: Technol., Syst., Appl.,
2012, pp. 127–130.

[20] M. Budhia, J. T. Boys, G. A. Covic, and C. Huang, “Development of a
single-sided flux magnetic coupler for electric vehicle IPT charging sys-
tems,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 318–328, Jan. 2013.

[21] G. Ke, Q. Chen, W. Gao, S. Wong, and C. K. Tse, “Power converter with
novel transformer structure for wireless power transfer using a DD2Q
power receiver coil set,” in Proc. IEEE Energy Convers. Congr. and Expo.,
2016, pp. 1–6.

[22] G. A. Covic, M. L. G. Kissin, D. Kacprzak, N. Clausen, and H. Hao, “A
bipolar primary pad topology for EV stationary charging and highway
power by inductive coupling,” in Proc. IEEE Energy Convers. Congr.
Expo., 2011, pp. 1832–1838.

[23] Y. Li, J. Zhao, Q. Yang, L. Liu, J. Ma, and X. Zhang, “A novel coil with
high misalignment tolerance for wireless power transfer,” IEEE Trans.
Magn., vol. 55, no. 6, pp. 1–4, Jun. 2019.

[24] J. T. Conway, “Inductance calculations for noncoaxial coils using bessel
functions,” IEEE Trans. Magn., vol. 43, no. 3, pp. 1023–1034, Mar. 2007.

[25] W. G. Hurley and M. C. Duffy, “Calculation of self- and mutual
impedances in planar sandwich inductors,” IEEE Trans. Magn., vol. 33,
no. 3, pp. 2282–2290, May 1997.

[26] Z. Luo and X. Wei, “Analysis of square and circular planar spiral coils
in wireless power transfer system for electric vehicles,” IEEE Trans. Ind.
Electron., vol. 65, no. 1, pp. 331–341, Jan. 2018.

[27] W. G. Hurley and M. C. Duffy, “Calculation of self and mutual impedances
in planar magnetic structures,” IEEE Trans. Magn., vol. 31, no. 4,
pp. 2416–2422, Jul. 1995.

[28] Y. P. Su, X. Liu, and S. Y. R. Hui, “Mutual inductance calculation of
movable planar coils on parallel surfaces,” IEEE Trans. Power Electron.,
vol. 24, no. 4, pp. 1115–1123, Apr. 2009.

[29] T. Theodoulidis and E. Kriezis, Eddy Current Canonical Problems (With
Applications to Nondestructive Evaluation). Forsyth, GA, USA: Tech Sci.
Press, 2006.

[30] T. Theodoulidis and J. Bowler, “The truncated region eigenfunction expan-
sion method for the solution of boundary value problems in eddy current
nondestructive evaluation,” AIP Conf. Proc., vol. 760, pp. 403–408, 2005.

[31] Z. Dong, S. Liu, X. Li, Z. Xu, and L. Yang, “A novel long-distance
wireless power transfer system with constant current output based on
domino-resonator,” IEEE Trans. Emerg. Sel. Topics Power Electron.,
vol. 9, no. 2, pp. 2343–2355, Apr. 2021.

[32] K. Song, Z. Li, J. Jiang, and C. Zhu, “Constant current/voltage charging
operation for series-series and series-parallel compensated wireless power
transfer systems employing primary-side controller,” IEEE Trans. Power
Electron., vol. 33, no. 9, pp. 8065–8080, Sep. 2018.

[33] Y. Lei, Analytical Method of Time Harmonic Electromagnetic Field.
Beijing, China: Science Press, 2000.

[34] C. V. Dodd and W. E. Deeds, “Analytical solutions to eddy-current probe-
coil problems,” J. Appl. Phys., vol. 39, no. 6, pp. 2829–2838, 1968.

[35] P. Morse and H. Feshbach, Methods of Theoretical Physics. New York,
NY, USA: McGraw-Hill, 1955.

[36] D. Yao, Methods of Mathematical Physics. Beijing, China: Science Press,
2010.

[37] A. K. RamRakhyani, S. Mirabbasi, and M. Chiao, “Design and opti-
mization of resonance-based efficient wireless power delivery systems for
biomedical implants,” IEEE Trans. Biomed. Circuits Syst., vol. 5, no. 1,
pp. 48–63, Feb. 2011.

[38] Z. Pantic and S. Lukic, “Computationally-efficient, generalized expres-
sions for the proximity-effect in multi-layer, multi-turn tubular coils for
wireless power transfer systems,” IEEE Trans. Magn., vol. 49, no. 11,
pp. 5404–5416, Nov. 2013.

[39] R. Bosshard, J. W. Kolar, J. Mühlethaler, I. Stevanović, B. Wunsch, and
F. Canales, “Modeling and η-α-pareto optimization of inductive power
transfer coils for electric vehicles,” IEEE Trans. Emerg. Sel. Topics Power
Electron., vol. 3, no. 1, pp. 50–64, Mar. 2015.

Zifan Dong received the B.S. degree in 2019 from
the College of Electrical Engineering and Automa-
tion, Wuhan University, Wuhan, China, where he is
currently working toward the M.S. degree.

His main research interests include wireless power
transfer.

Xiaoming Li received the B.S. and M.Sc. degrees in
electrical engineering and automation from Wuhan
University, Wuhan, China, in 1978 and 1986, re-
spectively, and the Ph.D. degree from the Huazhong
University of Science and Technology, Wuhan, in
2000.

He is currently a Professor with the College of
Electrical Engineering and Automation, Wuhan Uni-
versity. His research interests include wireless power
transfer, power system operation and control, ap-
plication of power electronics technology in power

systems, and smart grids.

Sheng Liu received the B.S. and M.S. degrees from
the College of Electrical Engineering and Automa-
tion, Wuhan University, Wuhan, China, in 2017 and
2020, respectively. He is currently working toward
the Ph.D. degree with the College of Electrical Engi-
neering, Zhejiang University, Hangzhou, China.

His main research interests include wireless power
transfer.

Ziwei Xu received the B.S. degree from the College of
Energy and Electrical Engineering, Hohai University,
Nanjing, China, in 2018. She is currently working
toward the M.S. degree with the College of Electri-
cal Engineering and Automation, Wuhan University,
Wuhan, China.

Her main research interests include wireless power
transfer.

Lin Yang received the Ph.D. degree from the College
of Electrical Engineering and Automation, Wuhan
University, Wuhan, China, in 2020.

He is currently a Lecturer with the College of
Electronic and Electrical Engineering, Henan Normal
University, Xinxiang, China. His research interests
include wireless power transfer technology, resonant
converters, and magnetic coupler design.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


