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Abstract—Multicoil pad couplers with a bipolar pad (BPP) 
transmitter and a double-D pad (DDP) receiver have emerged as 
one of the most promising topologies in wireless power transfer 
(WPT) systems for electric vehicles (EVs). However, due to their 
complex structure and variable excitation mode, solving the 
process of the coupler parameters based on finite element models 
(FEMs) can be time-consuming and resource-intensive. In this 
study, the analytical model of the BPP-DDP coupler in different 
misalignment cases and under different excitation modes is 
developed based on dual-Fourier transformation. The mutual 
inductance performance of the BPP-DDP coupler in 
misalignment is investigated using the proposed analytical 
model, and the optimized excitation mode of the BPP-DDP 
coupler in different misalignment cases can be easily obtained. 
Finally, a prototype of the BPP-DDP coupler with dimensions of 
600 mm × 500 mm is constructed, and the experimental results 
demonstrate that the computational errors of the analytical 
model and FEM are approximately equal, while the analytical 
model is 7.6 times faster than the FEM.① 

Index Terms—Wireless power charging, Multicoil pad coupler, 
Analytical model, Misalignment tolerance, Excitation mode. 

I. INTRODUCTION 

IRELESS power transfer (WPT) has been widely 
adopted due to its numerous advantages, including the 

ability to transfer power to the load through electromagnetic 
coupling without any physical connection, making it safe and 
convenient [1]-[5]. The application of WPT to wireless 
charging for electric vehicles (EVs) has attracted considerable 
research interest owing to its promising potential [6]-[10]. 
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The structural design and analytical modeling of couplers 
are crucial for improving the transmission performance of 
WPT systems. Various coupler structures have been proposed 
to enhance coupling performance in wireless EV charging. 
Traditional couplers typically use unipolar coils, such as 
circular and square couplers [11]-[14]. A unipolar coil realizes 
energy transmission through coupling magnetic flux in the 
vertical direction [15]. It exhibits good coupling performance 
when the pads on both sides are perfectly aligned. However, 
the coupling coefficient rapidly decreases when misalignment 
occurs in the horizontal direction. To improve the 
misalignment tolerance of couplers, the polarized coupler 
structure called a double-D (DD) coupler is proposed [16]-
[18], as shown in Fig. 1(a). Owing to its ability to promote 
energy transfer by capturing lateral magnetic flux, it can 
improve the anti-misalignment ability in the x-direction, but 
its misalignment tolerance in the y-direction becomes worse 
[15]. To further optimize the coupling performance of 
couplers under misalignment in any direction, researchers 
have adopted multicoil pad couplers in WPT systems. In [19], 
a multicoil pad coupler with a double D (DD) pad transmitter 
and a double D quadrature (DDQ) pad receiver is proposed. 
By adding an extra quadrature coil in the DD receiver coil, the 
anti-misalignment ability of the coupler along the lateral 
directions is improved. In [20], another multicoil pad coupler, 
called a bipolar pad (BPP) coupler, which consists of two 
partially overlapped and decoupled rectangular coils, is 
proposed, as shown in Fig. 1(b). The misalignment 
performance of the BPP coupler can be improved by adjusting 
the excitation modes of the transmitting pad. Among the 
commonly used multicoil pad couplers, the BPP-double-D 
pad (DDP) coupler has emerged as one of the most promising 
topologies in WPT systems for EV charging. The circuit 
schematic of the WPT system based on the BPP-DDP coupler 
is shown in Fig. 2. The excitation mode of the BPP-DDP 
coupler can be flexibly adjusted to improve the misalignment 
tolerance and reduce the magnetic flux leakage of the coupler 
[21]. An equation describing the effective coupling factor of 
the BPP-DDP coupler is proposed to demonstrate how each 
coil on the transmitting side is energized to control VA 
transmission [22]. It is evident that a BPP-DDP coupler 
typically exhibits remarkable mutual inductance and a larger 
charging zone. 

The  analytical  model  has  proven  to  be  a more flexible,  
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Fig. 1 Structures of the couplers. (a) DDP coupler. (b) BPP coupler. 

 
Fig. 2 Schematic circuit of the WPT system with a BPP transmitter. 

convenient, and cost-effective tool for analyzing and 
designing couplers. Various analytical models for different 
couplers have been proposed in previous studies. In [23], an 
analytical model for mutual inductance between two circular 
solenoidcoils in lateral and angular misalignment is proposed, 
and the transmission power of the WPT system is optimized 
based on the analytical model. In [24], an analytical model is 
presented for accurately calculating the self-inductance and 
mutual inductance of two mutually coupled rectangular coils 
in lateral misalignment. This model can be a reliable tool for 
designing rectangular hollow magnetic couplers. In [25], an 
analytical model of mutual inductance is derived based on 
Neumann’s formula, which considers the changes in the angle 
and position of two rectangular spiral coils to analyze the 
transmission efficiency of a WPT system. However, couplers 
used for wireless charging of EVs typically include ferrite 
layers on both sides, and the ferrite layer is not considered in 
the above analytical modeling process. To address the 
limitation, the analytical models of the square and circular 
planar coils with a ferrite layer are calculated based on the 
Fourier–Bessel and dual-Fourier transformations [12]. A new 
empirical equation for the mutual inductance between square 
coils with ferrite core plates is proposed in [26]. This model 
can effectively overcome limitations associated with 
computational time and resources during the design process. 
In [27], a theoretical model of the square and circular coils 
between two multilayer media is proposed. This model can 
calculate the self-inductance and mutual inductance of the two 
planar coils without requiring excessive computational time. 
However, these analytical models mainly focus on unipolar 
coils with ferrite cores, and it is crucial to pay more attention 
to the modeling of multicoil pad couplers with superior 
coupling performance. In [28], an analytical model for 
couplers composed of DD coils or bipolar coils without ferrite 
layers on both sides is proposed, and the mutual inductance 
characteristics of the two couplers in misalignment are 
investigated. In [29], a three-dimensional analytical model of 
a multicoil pad coupler consisting of a BPP transmitter and a 
square receiver is established based on the superposition of 
two-dimensional subdomain analytical models. However, 

given the complex structure and the variable excitation mode 
of the BPP-DDP coupler, there are still some challenges 
associated with the modeling and analysis of the couplers in 
different misalignment cases and under different excitation 
modes. 

To overcome these problems, this study proposes an 
analytical model for the BPP-DDP coupler. The main 
contributions of this study are summarized as follows: 

1) An analytical model of the multicoil pad couplers in 
different misalignment cases and under different excitation 
modes is developed based on dual-Fourier transformation. 
The experimental results show that the calculation accuracy of 
the proposed analytical model and the finite element model 
(FEM) is approximately equal, while the computational time 
of the proposed analytical model is 7.6 times faster than that 
of the FEM, which facilitates the design and analysis of 
multicoil pad couplers. 

2) The mutual inductance performance of the coupler in 
different misalignment cases and under different excitation 
modes can be obtained using the analytical model; it is easy to 
obtain the optimized excitation modes of BPP-DDP couplers 
under different misalignment conditions, which can improve 
the misalignment tolerance of the couplers. 

The remainder of the paper is organized as follows: In 
Section II, the analytical model of the BPP-DDP coupler in 
different misalignment cases and under different excitation 
models is proposed. In Section III, the misalignment 
performances of the BPP-DDP coupler along different 
directions are investigated using the proposed analytical 
model, and the optimized excitation mode of the BPP-DDP 
coupler in different misalignment cases is obtained. In Section 
IV, a prototype of the BPP-DDP coupler with dimensions of 
600 mm × 500 mm is developed, and the experimental results 
are presented to verify the theoretical analysis. In Section V, 
the computational costs and accuracy of the two methods are 
compared and discussed. Finally, Section VI presents the 
conclusion. 

II. MODELING OF THE BPP-DDP COUPLER 

In this section, an analytical model of the BPP-DDP 
coupler is established based on dual-Fourier transformation. 
The structure of the BPP-DDP coupler with a single-turn coil 
in Cartesian coordinates is shown in Fig. 3. The surrounding 
space of the coupler consists of six regions, where Regions 1 
and 6 correspond to the lower and upper areas of the coupler, 
respectively. The permeability and conductivity of the air 
medium in these regions are denoted as μ0 and σ0, 
respectively. Regions 2 and 5 correspond to the ferrite layers 
on both sides, and the initial permeability is μi2 = μi5 = 2400. 
The thickness of Regions 2 and 5 are t2 and t5, respectively, 
and the vertical distance between the two regions is d. Region 
3 corresponds to the area between the lower ferrite layer and 
the transmitter coil. Region 4 corresponds to the area between 
the upper ferrite layer and the transmitter coil. 

According to classical electromagnetic theory, since the 
current frequency is less than 100 kHz, the size of the 
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magnetic pads on both sides are 600 mm × 500 mm × 8 mm, 
and the coil adopts AWG38 800-strand Litz wire with a 
diameter of 4 mm, the magnetic field around the coupler can 
be regarded as a magnetoquasistatic system, and the mutual 
inductance between the magnetic pads on both sides can be 
calculated using the quasi-static electromagnetic formula. 
Because the coils are wound with Litz wire with multiple 
strands, the current flowing through a single-turn coil is 
considered a filamentary current. The calculation method of 
the square coupler can be cited in [12]. 

 
Fig. 3 Schematic of the BPP-DDP coupler. 

The positions of each wire in the BPP-DD coupler are 
shown in Fig. 3. The upper surface of the ferrite plate on the 
transmitting side is located at the z = 0 plane, and the vertical 
coordinates of the transmitter and receiver coils are z = z1 and 
z = z2, respectively. Since the mutual inductance of the 
coupler is independent of the coil currents, only the excitation 
current i1 = Iejωt is considered in the analysis, where I is the 
amplitude, ω is the angular frequency, t is time, and j is the 
imaginary unit. Moreover, the BPP transmitter can be driven 
by varying excitation modes [15], and this study focuses on 
the in-phase excitation and opposing-phase excitation modes. 

A. Regions 3 and 4 
The magnetic flux density in Regions 3 and 4 includes Bn 

(n = 3 and 4) excited by the excitation current and Br 
generated by the induced eddy current. By neglecting the 
displacement current and using the Coulomb gauge condition, 
the relation between the magnetic flux density Bn (n = 3 and 
4) and the magnetic vector potential A is given by (1). By 
integrating the point source (x′, y′, z′) along the transmitter 
coil, the magnetic vector potential A of an arbitrary point p(x, 
y, z) can be obtained, as shown in (2). For ease of analysis, 
only the magnitudes of the magnetic vector potential A and 
magnetic flux density B are considered in (1) and (2): 

n = ∇×B A  (1) 

( ) ( )0 d, ,
, ,

4π v

vx y z
x y z

R
µ ′ ′ ′

= ∫
J

A  (2) 

where ν is the infinitesimal unit of the current distribution in 
the transmitter coil, and R is the distance from an arbitrary 
point p(x, y, z) to the source point p′(x′, y′, z′), which is given 
as (3): 

( ) ( ) ( )2 22R x x z zy y′ ′′= − + + −−  (3) 

Dual-Fourier transformation and its inverse methods (4) 
and (5) can be used to solve the magnetic vector potential and 
magnetic flux density in the following calculations, where ξ 
and η are the integral variables, and j is the imaginary unit. 

( ) ( ) ( )je d d, ,, , x yb B x yx y zz ξ ηξ η
∞ ∞ − +

−∞ −∞
= ⋅∫ ∫  (4) 

 

( ) ( ) ( )j
2

1 e d d, , , ,
4π

x yB bx y z z ξ η ξ ηξ η
∞ ∞ +

−∞ −∞
= ⋅∫ ∫  (5) 

By applying dual-Fourier transformation (4) to (1), the 
components of the magnetic flux density Bn (n = 3 and 4) in 
the spatial frequency domain can be calculated as (6): 

j j j jy x
nx z ny z nz y x

a a
b a b a b a a

z z
η ξ ξ η

∂ ∂
= − − = + = − +

∂ ∂
， ，  (6) 

Further, by applying dual-Fourier transformation (4) to (2), 
the magnetic vector potential A in the spatial frequency 

domain can be derived as shown in (7), where 2 2k ξ η= + . 

( ) ( )
1

j( )0 ee d, ,, ,
2

k z z
x y

v
a J vx y zz

k
ξ ηµ

ξ η
− −

′ ′− + ′′ ′ ′= ∫  (7) 

1) Under in-phase excitation mode 
For the BPP transmitter coil under the in-phase excitation 

mode, the current paths parallel to the x-axis are shown in Fig. 
3. By integrating the current density J1(x’, y’, z’) along the 
current paths, the x component of the magnetic vector 
potential ax generated by the excitation current can be 
calculated as (8): 

( )1
0 1 1 2j2 e sin sin sink z z

x

I b a a
a

k
µ ξ η η

ξ

− −− +
=  (8) 

The y component of the magnetic vector potential excited 
by the excitation current can be derived using the same 
method as (9): 

( )1
0 1 2 1j2 e sin sin sink z z

y

I b a a
a

k
µ ξ η η

η

− − +
=  (9) 

Substituting (8) and (9) into (6), the components of the 
magnetic flux density in different directions can be expressed 
as (10): 

( ) ( )

( ) ( )

( ) ( )

1
0

1
0

1
0

1 2 1
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3 3
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e
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x x
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z
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z
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ξ
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ε η
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−

−

−
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 (10) 
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z
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z
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η
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ξ
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(11) 
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2) Under opposing-phase excitation mode 
Similarly, for the BPP transmitter coil under the opposing-

phase excitation mode, the current paths parallel to the x-axis 
can be obtained from the current distribution in the BPP 
transmitter coil. By integrating the current density J1(x’, y’, 
and z’) along the current paths, the x component of the 
magnetic vector potential generated by the excitation current 
can be derived as (12): 

( )1
0 1 1 22 e sin cos cosk z z

x

I b a a
a

k
µ ξ η η

ξ

− − −
=  (12) 

The y component of the magnetic vector potential excited 
by the excitation current can be derived using the same 
method as (13): 

( )1
0 1 2 12 e sin cos cosk z z

y

I b a a
a

k
µ ξ η η

η

− − −
=  (13) 

Substituting (12) and (13) into (6), the components of the 
magnetic flux density in different directions can be obtained 
as (14): 

( ) ( )

( ) ( )

( ) ( )

1

1

1

0 1 2 1
3 3

0 1 1 2
3 3

0 1 1 2
3 3

2 sin ecos cos
=  = e

2 sin ecos cos
e

2j e sin cos cos
=  = e

k z z
y kz

x x

k z z
kzx

y y

k z z
kz

z y x z

a u I b a a
b C

z

u I b a aa
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z

u Ik b a a
b j a j a C

ξ η η
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ξ
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−

−

−

 ∂ − −
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 (14) 
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1

1
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z
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z
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η
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ξ
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−
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−

− −
−

 ∂ −
= −

∂
 − −∂ = =

∂
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(15) 

According to (10), (11), (14), and (15), the relation between 
the x and z components of the magnetic flux density can be 
expressed as (16) and (17): 

3 3jx zb b
k
ξ

= −  (16) 

4 4jx zb b
k
ξ

=  (17) 

By neglecting the displacement current, the reflected 
magnetic flux density Br generated by the induced eddy 
current satisfies (18) and (19): 

2
r 0∇ =B  (18) 

r 0∇⋅ =B  (19) 
By applying dual-Fourier transformations (4) and (5) to 

(18) and (19), br in the spatial frequency domain satisfies (20) 
and (21): 

2r
r2 0b k b

z
∂

− =
∂

 (20) 

r
r rj j 0z
x y

bb b
z

ξ η
∂

− − + =
∂

 (21) 

For the second-order partial differential equation (20), the 
general solution of the reflected magnetic flux density can be 
expressed as (22): 

r r r
kz kz

z z zb C e C e−′= +  (22) 
As ∇  × Br = 0 in Regions 3 and 4, the relation between brx 

and bry can be expressed as (23): 
r ry xb bξ η=  (23) 

Based on (21) and (23), the relation between brx and brz can 
be derived as (24): 

r
r 2j

z
x

bb
zk

ξ ∂
= ⋅

∂
 (24) 

B. Regions 2 and 5 
Regions 2 and 5 correspond to the ferrite layers on both 

sides. The magnetic flux density Bn (n = 2 and 5) in these 
regions can be expressed as (25) and (26): 

2
0j 0n n n nωµ µ σ∇ − =B B  (25) 

0n∇⋅ =B  (26) 
By applying dual-Fourier transformations (4) and (5) to 

(25) and (26), bn in the spatial frequency domain satisfies (27) 
and (28): 

( )
2

2
r 02 0jn

nn n

b
bk b

z
ωµ µ σ

∂
− =+

∂
 (27) 

j j 0nz
nx ny

b
b b

z
ξ η

∂
− − + =

∂
 (28) 

For the second-order partial differential equation (27), the 
general solution of the magnetic flux density can be obtained 

as (29), where 2
0 = j n nkλ ωµ µ σ+ . 

e ez z
nz nz nzb C Cλ λ−′= ⋅ + ⋅  (29) 

Due to ∇ ·J = 0 in Regions 2 and 5, the current density Jz 
does not exist, and the relation between bnx and bny can be 
obtained as (30): 

ny nxb bξ η=  (30) 
Based on (28) and (30), the relation between bnx and bnz can 

be derived as (31): 

2j
nz

nx
b

b
zk

ξ ∂
= ⋅

∂
 (31) 

C. Regions 1 and 6 
These regions are similar to Regions 2 and 5, except that 

the relative permeability and conductivity of the medium are 
different. Therefore, bn (n = 1 and 6) in these regions satisfies 
(32): 

2
2

2 0n
n

b
k b

z
∂

− =
∂

 (32) 

The general solution of the magnetic flux density can be 
expressed as (33): 

e ekz kz
nz nz nzb C C −′= +  (33) 

Similarly, the relation between bnx and bnz can be obtained 
as (34): 

2j
nz

nx
b

b
zk

ξ ∂
=

∂
 (34) 

D. Boundary Conditions 
According to the electromagnetic field theory, the z 

component of the magnetic flux density B and the x, y 
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components of the magnetic field intensity H must be 
continuous at the z = −t2, z = 0, z = d, z = d + t5 planes. The 
boundary condition equations can be obtained as (35): 

( )

( )

( )

( )

2
3 2 3 r

2

2
1 2 1 2

2

5
4 r 5 4 r

5

5
5 6 6 5

5

, 0

,

,

,

x
z rz z x x

x
z z x

x
z z z x x

x
z z x

b
b b b b b z

b
b b b z t

b
b b b b b z d

b
b b b z d t

µ

µ

µ

µ

 + = + = =



= = = −


 + = + = =


 = = = +

 (35) 

The general solutions of the z component of the magnetic 
flux density can be expressed by (10), (11), (14), (15), (22), 
(29), and (33). As a result, four boundary condition equations 
can be obtained by substituting these expressions into (35). 
Similarly, the general solutions of the x component of the 
magnetic flux density can be expressed by (16), (17), (24), 
(31), and (34). Another four boundary condition equations can 
be derived by substituting these equations into (35). Further, 
by solving the above eight equations, the matrix equation for 
the coefficients Crz, rzC′ , C1z, C2z, 2zC′ , C5z, 5zC′ , and 6zC′  can 
be obtained, as shown in (36). Because the magnetic flux 
density tends to zero as z tends to infinity, the coefficients 1zC′
and C6z must be zero. 

2 2 2

5 5 5
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2 2
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(36) 

The analytical formulas of the coefficients Crz, rzC′ , C1z, 
C2z, 2zC′ , C5z, 5zC′ , and 6zC′  can be obtained by solving the 
above matrix equation. 

E. Mutual Inductance Calculation 
By applying the dual-Fourier transformations (4) and (5), 

the z component of the magnetic flux density in Region 4 can 
be expressed as (37): 

( ) ( )j
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In the case of the BPP-DDP coupler with different 
misalignments, as shown in Fig. 3, specific wire positions can 
be identified. Wires parallel to the x-axis in the receiver coil 
are located at y = c11, y = c12, y = c21, and y = c22, and the wires 
parallel to the y-axis are located at x = d11 and x = d12. The 
above parameters can be expressed as (38), where L represents 
the offset distance, β is the angle between the offset direction 
and the x–o–y plane, and α is the angle between the x-axis and 
the projection of the offset direction on the x–o–y plane. 
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 (38) 

The magnetic fluxes coupled by the two square coils of the 
DD receiver coil in the z-direction can be obtained as (39) and 
(40):  

( )
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According to the superposition principle, because the two 
square coils of the DD receiver coil are wound in opposite 
directions, the net magnetic flux coupled by the DD receiver 
coil can be expressed as (41): 

1 2=Ψ Ψ Ψ−  (41) 

Moreover, the mutual inductance of the single-turn BPP-
DDP coupler can be obtained as (42): 
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Therefore, the mutual inductance M of the BPP-DDP 
coupler with transmitter turn number N1 and receiver turn 
number N2 can be expressed as (43): 

1 2

1 1

N N

pq
p q

M M
= =

= ∑∑  (43) 

Here, Mpq represents the mutual inductance between the  
p-th turn of the transmitter coil and the q-th turn of the 
receiver coil, and s1 and s2 represent the line spacing (distance 
between each turn) of the transmitter coil and receiver coil, 

respectively. The positions of each wire in the p-th turn of the 
transmitter coil are x = ±bp1, y = ±ap1, and y = ±ap2. The 
positions of each wire in the q-th turn of the receiver coil are  
x = dq11, x = dq12, y = cq11, y = cq12, y = cq21, and y = cq22, as 
shown in (44): 

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

1 1 1 2 2 1 1 1 1

11 11 2 12 12 2 21 21 2

22 22 2 11 11 2 12 12 2

,  ,     1 1 1

, ,1 1 1

, ,1 1 1

p p p

q q q

q q q

a a s a a s b b sp p p

c c s c c s c c sq q q

c c s d d s d d sq q q

 = − = − = −− − −
 = + = − = −− − −
 = + = − = +− − −

 (44) 



348 CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL.10, NO. 3, SEPTEMBER 2026 

Based on the above analytical model, the mutual inductance 
of the BPP-DDP coupler in different misalignment cases can 
be calculated. This calculation is useful for designing and 
analyzing the BPP-DDP coupler. It is worth noting that the 
finite ferrite plate in practice is replaced by an infinite ferrite 
plate in the above analytical model. Therefore, it is necessary 
to revise the equivalent relative permeability in the model 
based on the experimental results to improve the accuracy of 
the calculation results. 

III. MISALIGNMENT PERFORMANCE OF BPP-DDP COUPLER 

BASED ON ANALYTICAL MODEL 

In this section, the misalignment performance of the BPP-
DDP coupler is analyzed based on the analytical model and 
compared with the results based on the FEM. The FEM of the 
coupler is established using the JMAG analysis tool as shown 
in Fig. 4(a). The dimensions of the BPP transmitter pad and 
DDP receiver pad are shown in Figs. 4(b) and 4(c), 
respectively. Based on the practical application scenarios of 
wireless charging for EVs, the parameters are selected as 
shown in Table Ⅰ. The mutual inductances of the BPP-DDP 
coupler in different misalignment cases and under different 
excitation modes are investigated as shown in Fig. 5. 
Specifically, the in-phase excitation and opposing-phase 
excitation modes are focused on. The solid lines in the graph 
represent the calculation results, and the dotted lines 
correspond to the simulation results. The results of the 
analytical model are obtained by the numerically evaluated 
integral, and the meshes of the coupler and air areas in the 
FEM are selected as 6 and 60 mm, respectively. 

 
(a) 

 
(b) (c) 

Fig. 4 Finite element models of the BPP-DDP coupler. (a) Overall structure. 
(b) BPP transmitter pad. (c) DDP receiver pad. 

Fig. 5(a) shows the mutual inductance of the BPP-DDP 
coupler when misalignment occurs in the x-direction. The 
mutual inductance remains approximately zero under the in-
phase excitation mode. This phenomenon can be attributed to 
the vertical magnetic flux excited by the BPP transmitter 
under this condition, and the net magnetic flux coupled by the 
two square coils of the DD receiver is always approximately  

TABLE Ⅰ 
PARAMETERS OF THE BPP-DDP COUPLER 

Parameters BPP transmitter pad DDP receiver pad 
A1/mm 600  600 
A2/mm 540  540  
A3/mm 320  270 
A4/mm 100  — 
B1/mm 500  500  
B2/mm 440  440  
W1/mm 36  36  
D1/mm 8  8  
D2/mm 4  4 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5 Mutual inductance of the BPP-DDP coupler in different misalignment 
cases and under different excitation modes. (a) Misalignment in the x-
direction. (b) Misalignment in the y-direction. (c) Displacement in the z-
direction. 

zero. Moreover, under the opposing-phase excitation mode, 
the mutual inductance of the BPP-DDP coupler decreases 
monotonically when misalignment occurs in the x-direction. 
This behavior indicates that the BPP transmitter under this 
condition generates horizontal magnetic flux, and the net 
magnetic flux coupled by the DD receiver decreases when 
misalignment occurs in the x-direction. 

Fig. 5(b) illustrates the mutual inductance of the BPP-DDP 
coupler when misalignment occurs in the y-direction. The 
results indicate that mutual inductance increases first and then 
decreases under the in-phase excitation mode. This behavior 
can also be attributed to the vertical magnetic flux excited by 

BPP transmitter pad 

DDP receiver pad 

x

z

y
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the BPP transmitter, and the net magnetic flux coupled by the 
DD receiver initially increases and then decreases. 
Additionally, the results also show that the mutual inductance 
of the BPP-DDP coupler demonstrates an initial decrease 
followed by an increase under the opposing-phase excitation 
mode. This phenomenon arises from the horizontal magnetic 
flux generated by the BPP transmitter, and the net magnetic 
flux coupled by the DD receiver first decreases and then 
increases. 

Fig. 5(c) illustrates the mutual inductance of the BPP-DDP 
coupler when displacement occurs in the z-direction. The 
mutual inductance remains approximately zero under the in-
phase excitation mode. This is because the BPP transmitter 
excites vertical magnetic flux, and the net magnetic flux 
coupled by the DD receiver at different vertical distances is 
always approximately zero. In addition, the mutual inductance 
under the opposing-phase excitation mode decreases 
monotonically as the vertical distance increases. This behavior 
is because the BPP transmitter generates the horizontal 
magnetic flux, and the net magnetic flux coupled by the DD 
receiver decreases as the vertical distance increases. 

According to the above analysis, the mutual inductance of 
the BPP-DDP coupler changes with different excitation 
modes and misalignment cases. Therefore, the misalignment 
tolerance of the BPP-DDP coupler can be improved by 
adjusting the excitation mode in different misalignment cases. 

IV. EXPERIMENTAL VERIFICATION 

A. Experimental Setup 
The BPP-DDP coupler is fabricated to verify the theoretical 

analysis, as shown in Fig. 6(a). The BPP transmitter and DDP 
receiver pads are shown in Figs. 6(b) and 6(c), respectively. 
The mutual inductances of the coupler in misalignment are 
measured to validate the accuracy of the proposed analytical 
model, and the parameters of the coupler are listed in Table I. 
The experimental prototype of the WPT system has been 
established. 

 
(a) 

 
(b) (c) 

Fig. 6 Experimental prototype of (a) BPP-DDP coupler. (b) BPP transmitter 
pad. (c) DD receiver pad. 

The AWG38 800-strand Litz wire with a diameter of 4 mm 
is used to fabricate the coupler coils to reduce skin effect 
losses. The DMR44 ferrite obtained from Dongci Corporation 
is selected to assemble the ferrite plate, with an initial relative 
permeability of 2400. The mutual inductances and self-
inductances are measured using the LCR meter TONGHUI 
2827A. 

B. Experimental results and excitation mode selection 
The mutual inductances of the BPP-DDP coupler are 

measured in different misalignment cases and under different 
excitation modes, and compared with the calculation results 
and the simulation results, as shown in Figs. 7(a)–7(c). The 
solid lines, dotted lines, and dashed lines correspond to the 
calculation, simulation, and experimental results, respectively. 
Furthermore, to improve the calculation accuracy of the 
analytical model, the equivalent relative permeabilities are 
adjusted to μi2 = μi5 = 600 based on the experimental results. 

 
(a) 

 
(b) 

 
(c) 

Fig. 7 Experimental results of the mutual inductance of the coupler in 
different misalignment cases and under different excitation modes. (a) 
Misalignment in the x-direction. (b) Misalignment in the y-direction. (c) 
Displacement in the z-direction 

Fig. 7(a) shows that the mutual inductance of the BPP-DDP 
coupler in the opposing-phase excitation mode is always 
greater than that in the in-phase excitation mode when 
misalignment occurs in the x-direction. Therefore, to improve 
the misalignment tolerance of the coupler, the excitation mode 
of the BPP transmitter can be adjusted to the opposing-phase 
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excitation mode in the misalignment cases. 
Fig. 7(b) suggests that the mutual inductance of the coupler 

under the opposing-phase excitation mode is greater than that 
under the in-phase excitation mode when the misalignment 
distance along the y-direction falls within 0–115 mm. 
However, this trend is reversed when the misalignment 
distance is in the range of 115–300 mm. Therefore, the 
excitation mode of the BPP transmitter can be adjusted based 
on the misalignment distance along the y-direction to improve 
the misalignment tolerance of the coupler. 

Fig. 7(c) suggests that the mutual inductance of the BPP-
DDP coupler under the opposing-phase excitation mode 
consistently surpasses that under the in-phase excitation mode 
at varying vertical distances. Therefore, the excitation mode 
of the BPP transmitter coil can be adjusted to the opposing-
phase excitation mode in the case of displacement in the z-
direction, which can also optimize the misalignment tolerance 
of the coupler. 

Based on the above experimental results, the optimized 
excitation mode selection of BPP-DDP coupler at different 
misalignment positions is shown in Fig. 8. The mutual 
inductance of the coupler is calculated when the misalignment 
positions of the DD receiver are x = 100, 200, and 300 mm,  
y = 100, 200, and 300 mm, and z = 100, 200, and 300 mm, 
respectively. The circular dots represent the misalignment 
positions where the opposing-phase excitation mode is 
preferred, while the square dots represent the misalignment 
positions where the in-phase excitation mode is preferred. The 
experimental results show that at the misalignment positions  
y = 200 and 300 mm, the mutual inductance of the coupler is 
greater under the in-phase excitation mode, while at other 
misalignment positions, the mutual inductance of the coupler 
is greater under the opposing-phase excitation mode. It can be 
inferred that adjusting the excitation mode under different 
misalignment cases can improve the misalignment tolerance 
of the coupler. Moreover, the calculation results obtained 
from the analytical model are consistent with the experimental 
results, validating the effectiveness of the proposed analytical 
model. The computational time and accuracy of the analytical 
model will be discussed in detail in Section V. 

 
Fig. 8 Optimized excitation mode selection of BPP-DDP coupler at different 
misalignment positions 

In general, the loss of a multicoil coupler consists of two 
parts: core loss and coil loss. The core loss includes magnetic 
hysteresis loss, excess loss, and eddy current loss, and the 
winding loss is mainly composed of skin-effect loss, 

proximity-effect loss, and DC conduction loss. Due to the 
focus of this paper on establishing an analytical model for 
multicoil couplers, there has been no in-depth study on the 
losses of couplers. 

V. DISCUSSION ON COMPUTATIONAL TIME AND ACCURACY 

To evaluate the computational time and accuracy of the 
analytical model, the mutual inductances of the BPP-DDP 
coupler in different misalignment cases and under different 
excitation modes are obtained based on the analytical model 
and FEM, and compared with the experimental results. 
According to the application scenario of wireless charging for 
EVs, five misalignment distances (L = 0, 25, 50, 75, and  
100 mm) and five vertical distances (h = 100, 125, 150, 175, 
and 200 mm) are selected. The two calculations are performed 
on a computer equipped with an Intel Core processor 
operating at a 3.3 GHz clock frequency and 4 GB RAM. In 
addition, it should be noted that the coordinates of each Litz 
wire in the analytical model are taken as the coordinates of the 
centerline of the Litz wire, while in the FEM, all Litz wires 
are regarded as a copper pad with a size equal to the entire 
Litz coil of the analytical model. In the analytical model, the 
ferrite layer is regarded as an infinite ferrite layer with a 
thickness equal to the ferrite thickness of the experimental 
prototype, which is 8 mm. In the FEM, the ferrite layer is 
regarded as a finite copper pad with a size equal to 600 mm × 
500 mm × 8 mm, which is the same size as the ferrite layer of 
the experimental prototype. The analytical model is calculated 
in MATLAB software, and the FEM is calculated in JMAG 
software, and the meshes for the coupler and air areas in the 
FEM are 6 and 60 mm, respectively. The mutual inductances 
at five positions and the total computational time using the 
two models are shown in Tables II and III. 

Table II shows that for the BPP-DDP coupler under the in-
phase excitation mode, the maximum errors of the calculation 
results using the analytical model along the x, y, and z 
directions are 0.25, 0.84, and 0.11 μH, respectively, and the 
corresponding percentage values are —, 5.9%, and —. The 
maximum errors of the simulation results based on the FEM 
along the x, y, and z directions are 0.86, 0.64, and 0.14 μH, 
respectively, and the corresponding percentage values are —, 
4.5%, —. It should be noted that when displacement occurs 
along the x and z directions, the experimental results of the 
mutual inductance value are close to zero, so only the 
maximum error can be given, and the percentage value cannot 
be given, which is represented by (—) in Table II. 

Table III illustrates that for the BPP-DDP coupler under the 
opposing-phase excitation mode, the maximum errors of the 
calculation results along the x, y, and z directions are 0.52, 
1.06, and 0.69 μH, respectively, and the corresponding 
percentage values are 1.4%, 3.0%, and 1.7%. The maximum 
errors of the simulation results along the x, y, and z directions 
are 2.24, 2.73, and 2.01 μH, respectively, and the 
corresponding percentage values are 5.4%, 7.6%, and 4.8%. It 
can be observed that the computational accuracy of the 
analytical model is  

BPP transmitter coil

DD receiver coil

x(mm)

y(mm)

x=100
x=200

x=300
y=100 y=200 y=300

z=100

z=200

z=300 z(mm) in-phase
opposing-phase
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TABLE Ⅱ 
COMPARISON OF MUTUAL INDUCTANCES UNDER THE IN-PHASE EXCITATION MODE BASED ON TWO MODELS 

Misalignment in x-direction/mm 0 25 50 75 100 Total time Maximum error/percentage value 
Calculation results/μH 0 0 0 0 0 359 s 0.25 μH/— 
Simulation results/μH 0.11 0.11 0.10 0.88 0.79 2739 s 0.86 μH/— 

Experimental results/μH 0.22 0.08 0.25 0.02 0.12 — — 
Misalignment in y-direction/mm 0 25 50 75 100   

Calculation results/μH 0 5.45 10.54 15.05 18.96 354 s 0.84 μH/5.9% 
Simulation results/μH 0.11 5.57 10.57 14.85 18.35 2730 s 0.64 μH/4.5% 

Experimental results/μH 0.17 5.38 10.15 14.21 18.41 — — 
Displacement in z-direction/mm 100 125 150 175 200   

Calculation results/μH 0 0 0 0 0 364 s 0.11 μH/— 
Simulation results/μH 0.19 0.11 0.05 0.05 0.03 2748 s 0.14 μH/— 

Experimental results/μH 0.05 0.02 0.112 0.092 0.04 — — 
TABLE Ⅲ 

COMPARISON OF MUTUAL INDUCTANCES UNDER THE OPPOSING-PHASE EXCITATION MODE BASED ON TWO MODELS 
Misalignment in x-direction/mm 0 25 50 75 100 Total time Maximum error/percentage value 

Calculation results/μH 42.14 41.64 40.22 38.14 35.62 359 s 0.52 μH/1.4% 
Simulation results/μH 43.91 43.39 41.96 39.85 37.32 2735 s 2.24 μH/5.4% 

Experimental results/μH 41.75 41.15 39.85 37.62 35.15 — — 
Misalignment in y-direction/mm 0 25 50 75 100   

Calculation results/μH 42.14 40.76 36.84 30.88 23.54 354 s 1.06 μH/3.0% 
Simulation results/μH 43.91 42.51 38.51 32.45 25.00 2727 s 2.73 μH/7.6% 

Experimental results/μH 41.42 39.96 35.78 30.00 22.79 — — 
Displacement in z-direction/mm 100 125 150 175 200   

Calculation results/μH 42.14 30.96 23.26 17.75 13.72 364 s 0.69 μH/1.7% 
Simulation results/μH 43.46 31.89 24.15 18.63 14.58 2743 s 2.01 μH/4.8% 

Experimental results/μH 41.45 30.83 23.25 17.84 13.80 — — 
 

typically the same as that of the FEM. Meanwhile, the total 
computational time based on the FEM is 7.6 times that of the 
analytical model. The computational time can be shortened, 
but the computational accuracy is reduced when the mesh of 
the FEM is larger. 

Finally, the proposed analytical model is compared to some 
other recent coil analytical model research in Table Ⅳ. As 
can be observed, the proposed analytical model takes into 
account the more complex coil structure of the BPP 
transmitter and DD pad receiver, as well as the ferrite layer 

magnetic cores on both sides. In addition, the analytical model 
also considers the lateral and vertical misalignment cases. 
Therefore, the proposed analytical model can be considered a 
reliable and time-saving tool for analyzing the BPP-DDP 
multicoil coupler. It is essential to highlight that although this 
study focused on analyzing the mutual inductance 
performance of the coupler in misalignment along the x, y, 
and z directions, the mutual inductance performance when 
misalignment occurs in any direction can be analyzed based 
on the proposed analytical model. 

TABLE Ⅳ 
COMPARISON BETWEEN THE PROPOSED MODEL AND THE PREVIOUS REFERENCES 

Reference Coil type Magnetic  
core type 

Misalignment  
cases Frequency Coupler size Airgap 

[23] Circular solenoid 
 coils on both sides Air core Lateral and angular 

misalignment 202 kHz Coil radius 11 cm Distance  
24 cm 

[12] Square and circular  
planar coils on both sides 

Ferrite layer  
magnetic core 

Lateral  
misalignment 80 kHz External side length of square coils 600 mm, external  

radius of circular coils 300 mm 
Vertical 
distance  
200 mm 

[27] Square and circular  
coils on both sides 

Ferrite layer  
magnetic core 

Lateral  
misalignment 80 kHz Outer radius of circular coils 300 mm, length of side of  

square coils 600 mm 
Vertical 

distance 200 
mm 

[29] BPP transmitter and  
square pad receiver 

Ferrite layer  
magnetic core 

Lateral  
misalignment 85 kHz 

Outer length of receiver square coil 250 mm, outside 
length of two square subcoils of bipolar transmitter 300 

mm with an overlap of 70 mm 
Vertical 
distances  

140/160 mm 
Proposed 

model 
BPP transmitter and  

DD pad receiver 
Ferrite layer  

magnetic core 
Lateral and vertical 

misalignment 85 kHz 
Outer length of two rectangular subcoils of receiver DDP 

270 mm × 440 mm, outer length of two rectangular 
subcoils of transmitter BPP 320 mm × 440 mm with an 

overlap of 100 mm 

Vertical 
distance  
100 mm 
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VI. CONCLUSION 

This study proposes an analytical model of the BPP-DDP 
coupler in different misalignment cases and under different 
excitation modes based on dual-Fourier transformation. The 
mutual inductance performance of the coupler in 
misalignment can be investigated using the proposed model, 
and the optimized excitation mode of the BPP-DDP coupler in 
different misalignment cases can be easily obtained. The 
experimental results indicated that the computational time 
based on the FEM is 7.6 times that of the analytical model, 
while the computational accuracy is approximately equal; the 
results also revealed that the misalignment tolerance of the 
coupler can be improved by adjusting the excitation mode of 
the coupler. Therefore, the proposed analytical model can be 
considered a reliable and time-saving tool for analyzing the 
BPP-DDP coupler. It is worth noting that the modeling 
method proposed in this study is not only applicable to the 
BPP-DDP coupler, but also to other multicoil pad couplers. 

REFERENCES 
[1] S. Stoecklin, A. Yousaf, and T. Volk et al., “Efficient Wireless 

Powering of Biomedical Sensor Systems for Multichannel Brain 
Implants,” IEEE Trans. on Instrum. and Meas., vol. 65, no. 4, pp. 754–
764, Apr. 2016. 

[2] W. H. Chen, J. T. Jia, and X. H. Yan et al., “Wireless Power Supply 
based on MNG-MNZ Metamaterial for Cardiac Pacemakers,” CES 
Transactions on Electrical Machines and Systems, vol. 8, no. 1, pp. 
103–112, Mar. 2024. 

[3] Y. B. Jiang, L. L. Wang, and Y. Wang et al., “Phase-locked Loop 
Combined with Chained Trigger Mode Used for Impedance Matching 
in Wireless High Power Transfer,” IEEE Trans. on Power Electron., 
vol. 35, no. 4, pp. 4272–4285, Apr. 2020. 

[4] M. Wu, X. Yang, and W. J. Chen et al., “A Dual-sided Control Strategy 
based on Mode Switching for Efficiency Optimization in Wireless 
Power Transfer System,” IEEE Trans. on Power Electron., vol. 36, no. 
8, pp. 8835–8848, Aug. 2021. 

[5] P. S. Riehl, A. Satyamoorthy, and H. Akram et al., “Wireless Power 
Systems for Mobile Devices Supporting Inductive and Resonant 
Operating Modes,” IEEE Trans. on Microw. Theory and Techn., vol. 
63, no. 3, pp. 780–790, Mar. 2015. 

[6] D. Li, X. S. Wu, and W. Gao et al., “Coupler Loss Analysis of 
Magnetically Coupled Resonant Wireless Power Transfer System,” CES 
Transactions on Electrical Machines and Systems, vol. 7, no. 1, pp. 63–
72, Mar. 2023. 

[7] Y. B. Jiang, L. L. Wang, and Y. Wang et al., “Analysis, Design, and 
Implementation of WPT System for EV’s Battery Charging based on 
Optimal Operation Frequency Range,” IEEE Trans. on Power 
Electron., vol. 34, no. 7, pp. 6890–6905, Jul. 2019. 

[8] Y. Li, S. P. Liu, and X. Zhu et al., “Extension of ZVS Region of Series–
series WPT Systems by an Auxiliary Variable Inductor for Improving 
Efficiency,” IEEE Trans. on Power Electron., vol. 36, no. 7, pp. 7513–
7525, Jul. 2021. 

[9] L. Zhao, D. J. Thrimawithana, and U. K. Madawala et al., “A 
Misalignment-tolerant Series-hybrid Wireless EV Charging System 
with Integrated Magnetics,” IEEE Trans. on Power Electron., vol. 34, 
no. 2, pp. 1276–1285, Feb. 2019. 

[10] T. Z. Kan, F. Lu, and T. D. Nguyen et al., “Integrated Coil Design for 
EV Wireless Charging Systems Using LCC Compensation Topology,” 
IEEE Trans. on Power Electron., vol. 33, no. 11, pp. 9231–9241, Nov. 
2018. 

[11] M. Budhia, G. A. Covic, and J. T. Boys, “Design and Optimization of 
Circular Magnetic Structures for Lumped Inductive Power Transfer 
Systems,” IEEE Trans. on Power Electron., vol. 26, no. 11, pp. 3096–
3108, Nov. 2011. 

[12] Z. C. Luo, and X. Z. Wei, “Analysis of Square and Circular Planar 
Spiral Coils in Wireless Power Transfer System for Electric Vehicles,” 
IEEE Trans. on Ind. Electron., vol. 65, no. 1, pp. 331–341, Jan. 2018. 

[13] Y. M. Zhang, S. X. Chen, and X. Li et al., “Coil Comparison and 
Downscaling Principles of Inductive Wireless Power Transfer 
Systems,” in Proc. of 2020 IEEE PELS Workshop on Emerging 
Technologies: Wireless Power Transfer, Seoul, Korea (South), Nov. 
2020, pp. 116–122. 

[14] M. Budhia, G. Covic, and J. Boys, “A New IPT Magnetic Coupler for 
Electric Vehicle Charging Systems,” in Proc. of IECON 2010-36th 
Annual Conference on IEEE Industrial Electronics Society, Glendale, 
AZ, USA, Nov. 2010, pp. 2487–2492. 

[15] A. Zaheer, H. Hao, and G. A. Covic et al., “Investigation of Multiple 
Decoupled Coil Primary Pad Topologies in Lumped IPT Systems for 
Interoperable Electric Vehicle Charging,” IEEE Trans. on Power 
Electron., vol. 30, no. 4, pp. 1937–1955, Apr. 2015. 

[16] M. Budhia, J. T. Boys, and G. A. Covic et al., “Development of a 
Single-sided Flux Magnetic Coupler for Electric Vehicle IPT Charging 
Systems,” IEEE Trans. on Ind. Electron., vol. 60, no. 1, pp. 318–328, 
Jan. 2013. 

[17] M. Mohammad, S. Choi, and M. E. Elbuluk, “Loss Minimization 
Design of Ferrite Core in a DD-coil-based High-power Wireless 
Charging System for Electrical Vehicle Application,” IEEE Trans. on 
Transp. Electrific., vol. 5, no. 4, pp. 957–967, Dec. 2019. 

[18] K. Song, G. Yang, and Y. Guo et al., “Design of DD Coil with High 
Misalignment Tolerance and Low EMF Emissions for Wireless Electric 
Vehicle Charging Systems,” IEEE Trans. on Power Electron., vol. 35, 
no. 9, pp. 9034–9045, Sept. 2020. 

[19] M. Budhia, G. A. Covic, and J. T. Boys et al., “Development and 
Evaluation of Single Sided Flux Couplers for Contactless Electric 
Vehicle Charging,” in Proc. of 2011 IEEE Energy Conversion Congress 
and Exposition, Phoenix, AZ, USA, Sept. 2011, pp. 614–621. 

[20] G. A. Covic, M. L. G. Kissin, and D. Kacprzak et al., “A Bipolar 
Primary Pad Topology for EV Stationary Charging and Highway Power 
by Inductive Coupling,” in Proc. of 2011 IEEE Energy Conversion 
Congress and Exposition, Phoenix, AZ, USA, Sept. 2011, pp. 1832–
1838. 

[21] F. Y. Lin, G. A. Covic, and J. T. Boys, “Leakage Flux Control of 
Mismatched IPT Systems,” IEEE Trans. on Transp. Electrific., vol. 3, 
no. 2, pp. 474–487, Jun. 2017. 

[22] F. Y. Lin, S. Kim, and G. A. Covic et al., “Effective Coupling Factors 
for Series and Parallel Tuned Secondaries in IPT Systems Using Bipolar 
Primary Pads,” IEEE Trans. on Transp. Electrific., vol. 3, no. 2, pp. 
434–444, Jun. 2017. 

[23] F. X. Liu, Y. Yang, and D. Jiang et al., “Modeling and Optimization of 
Magnetically Coupled Resonant Wireless Power Transfer System with 
Varying Spatial Scales,” IEEE Trans. on Power Electron., vol. 32, no. 
4, pp. 3240–3250, Apr. 2017. 

[24] F. J. López-Alcolea, J. V. del Real, and P. Roncero-Sánchez et al., 
“Modeling of a Magnetic Coupler based on Single- and Double-layered 
Rectangular Planar Coils with In-plane Misalignment for Wireless 
Power Transfer,” IEEE Trans. on Power Electron., vol. 35, no. 5, pp. 
5102–5121, May 2020. 

[25] J. Kim, W. Huang, and J. W. Chung et al., “Mutual Inductance Analysis 
of Rectangular Spiral Coils with Angle and Position Variations for 
Wireless Power Transfer,” Journal of Magnetics, vol. 25, no. 1, pp. 92–
100, 2020. 

[26] A. Delgado, G. Di Capua, and K. Stoyka et al., “Self and Mutual 
Inductance Behavioral Modeling of Square-shaped IPT Coils with Air 
Gap and Ferrite Core Plates,” IEEE Access, vol. 10, pp. 7476–7488, 2022. 

[27] Z. C. Luo, and X. Z. Wei, “Theoretical Analysis of Planar Spiral Coils 
Between Two Multilayer Media for Electric Vehicle Wireless 
Charging,” Energies, vol. 11, no. 4, pp. 693, Mar. 2018. 

[28] W. J. Zhang, J. C. Song, and Z. W. Liu et al., “Modeling and Analysis 
of Polarized Couplers Under Misalignment for Electric Vehicle 
Wireless Charging Systems,” Energies, vol. 14, no. 2, pp. 428, Jan. 
2021. 

[29] Z. C. Luo, S. Nie, and M. Pathmanathan et al., “3-D Analytical Model 
of Bipolar Coils with Multiple Finite Magnetic Shields for Wireless 
Electric Vehicle Charging Systems,” IEEE Trans. on Ind. Electron., vol. 
69, no. 8, pp. 8231–8242, Aug. 2022. 



ZHANG et al.: ANALYTICAL MODEL OF MULTICOIL PAD COUPLERS WITH FERRITE CORE PLATES IN WIRELESS ELECTRIC  353 
VEHICLE CHARGING SYSTEMS 

Wenjie Zhang was born in Shanxi, 
China. He received the B.S. degree from 
Hefei University of Technology, China, in 
2008. He received the M.S. degree and 
Ph.D. degree from Taiyuan University of 
Technology, China, in 2012 and 2023, 
respectively. He is an associate professor 
of the College of the Electronic 

Information Engineering at Taiyuan University of Science and 
Technology, China. His main research interests include the 
theory, application, and control of wireless power transfer 
systems. He guided students to participate in the National 
Electronic Design Competition in 2021 and won the second 
prize. He has published several academic papers, which have 
been indexed by the Science Citation Index. 
 
 

Boyu Li was born in Shanxi, China. He 
received the B.S. degree from Xi’an 
University of Technology, China, in 2024. 
He is currently pursuing the M.S. degree 
in Electrical Engineering at the College of 
Electronic Information Engineering, 
Taiyuan University of Science and 
Technology, China. His main research 

interest is wind power prediction. 
 

Kejun Wei was born in Taiyuan, Shanxi, 
China. He is currently an undergraduate 
student majoring in electrical engineering 
and automation at the College of Electric 
Power and Architecture, Shanxi 
University, China. His main research 
interests include control methods for new 
power systems and novel power 

electronics technologies. 

 

Yunguang Gao was born in Shanxi, 
China, on 1 April 1979. He received the 
B.S. degree from Taiyuan University of 
Technology, China, in 2003, and received 
the M.S. degree and Ph.D. degree from 
Taiyuan University of Technology, China, 
in 2006 and 2018. He is an associate 
professor of the College of the Electronic 

Information Engineering at Taiyuan University of Science and 
Technology, China. His main research interests include the 
theory, application, and control of solid-state transformer and 
the grid-connected inverter. He won the First Award of the 
Scientific and Technological Progress of the Shanxi Province. 
 

Ye Zhang was born in Hebei Province, 
China, in November, 1986. She received 
the B.S. degree in electrical engineering 
from China University of Mining and 
Technology, China, in 2011, the M.S. 
degree from Tianjin University, China, in 
2014, and the Ph.D. degree from Taiyuan 
University of Technology, China, in 2022. 

Her main interests include power quality analysis and control 
of power converters for renewable energy systems. 
 

Lei Jia was born in Shanxi, China. He 
received the B.S. degree from Northwest 
University for Nationalities, China, in 
2009 and the M.S. degree from Taiyuan 
University of Technology, China, in 2016. 
He works at the Shanxi Provincial 
Government Service Complaint and 
Reporting Center, China. His main 

research interests include the theory, application, and control 
of wireless power transfer systems. He has published several 
academic papers. 
 

 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /All

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

    /00

    /ACaslonPro-Bold

    /ACaslonPro-BoldItalic

    /ACaslonPro-Italic

    /ACaslonPro-Regular

    /ACaslonPro-Semibold

    /ACaslonPro-SemiboldItalic

    /AdobeArabic-Bold

    /AdobeArabic-BoldItalic

    /AdobeArabic-Italic

    /AdobeArabic-Regular

    /AdobeFangsongStd-Regular

    /AdobeFanHeitiStd-Bold

    /AdobeGothicStd-Bold

    /AdobeHebrew-Bold

    /AdobeHebrew-BoldItalic

    /AdobeHebrew-Italic

    /AdobeHebrew-Regular

    /AdobeHeitiStd-Regular

    /AdobeKaitiStd-Regular

    /AdobeMingStd-Light

    /AdobeMyungjoStd-Medium

    /AdobeSongStd-Light

    /AGaramondPro-Bold

    /AGaramondPro-BoldItalic

    /AGaramondPro-Italic

    /AGaramondPro-Regular

    /AgencyFB-Bold

    /AgencyFB-Reg

    /Algerian

    /Arial-Black

    /Arial-BoldItalicMT

    /Arial-BoldMT

    /Arial-ItalicMT

    /ArialMT

    /ArialNarrow

    /ArialNarrow-Bold

    /ArialNarrow-BoldItalic

    /ArialNarrow-Italic

    /ArialRoundedMTBold

    /ArialUnicodeMS

    /Bahnschrift

    /BaskOldFace

    /Bauhaus93

    /BellMT

    /BellMTBold

    /BellMTItalic

    /BerlinSansFB-Bold

    /BerlinSansFBDemi-Bold

    /BerlinSansFB-Reg

    /BernardMT-Condensed

    /BirchStd

    /BlackadderITC-Regular

    /BlackoakStd

    /BodoniBT-Bold

    /BodoniBT-BoldItalic

    /BodoniBT-Book

    /BodoniBT-BookItalic

    /BodoniMT

    /BodoniMTBlack

    /BodoniMTBlack-Italic

    /BodoniMT-Bold

    /BodoniMT-BoldItalic

    /BodoniMTCondensed

    /BodoniMTCondensed-Bold

    /BodoniMTCondensed-BoldItalic

    /BodoniMTCondensed-Italic

    /BodoniMT-Italic

    /BodoniMTPosterCompressed

    /BookAntiqua

    /BookAntiqua-Bold

    /BookAntiqua-BoldItalic

    /BookAntiqua-Italic

    /BookmanOldStyle

    /BookmanOldStyle-Bold

    /BookmanOldStyle-BoldItalic

    /BookmanOldStyle-Italic

    /BookshelfSymbolSeven

    /BradleyHandITC

    /BritannicBold

    /Broadway

    /BrushScriptMT

    /BrushScriptStd

    /Calibri

    /Calibri-Bold

    /Calibri-BoldItalic

    /Calibri-Italic

    /Calibri-Light

    /Calibri-LightItalic

    /CalifornianFB-Bold

    /CalifornianFB-Italic

    /CalifornianFB-Reg

    /CalisMTBol

    /CalistoMT

    /CalistoMT-BoldItalic

    /CalistoMT-Italic

    /Cambria

    /Cambria-Bold

    /Cambria-BoldItalic

    /Cambria-Italic

    /CambriaMath

    /Candara

    /Candara-Bold

    /Candara-BoldItalic

    /Candara-Italic

    /Candara-Light

    /Candara-LightItalic

    /Castellar

    /Centaur

    /Century

    /Century725BT-RomanCondensed

    /Century751BT-BoldB

    /Century751BT-BoldItalicB

    /Century751BT-ItalicB

    /Century751BT-No2ItalicB

    /Century751BT-RomanB

    /Century751BT-RomanNo2B

    /Century751BT-SemiBold

    /Century751BT-SemiBoldItalicB

    /CenturyGothic

    /CenturyGothic-Bold

    /CenturyGothic-BoldItalic

    /CenturyGothic-Italic

    /CenturySchlbkCyrillicBT-Bold

    /CenturySchlbkCyrillicBT-BoldIt

    /CenturySchlbkCyrillicBT-Italic

    /CenturySchlbkCyrillicBT-Roman

    /CenturySchoolbook

    /CenturySchoolbook-Bold

    /CenturySchoolbook-BoldItalic

    /CenturySchoolbook-Italic

    /ChaparralPro-Bold

    /ChaparralPro-BoldIt

    /ChaparralPro-Italic

    /ChaparralPro-Regular

    /CharlemagneStd-Bold

    /Chiller-Regular

    /ClarendonBT-Black

    /ClarendonBT-Bold

    /ClarendonBT-Light

    /ClarendonBT-Roman

    /ColonnaMT

    /ComicSansMS

    /ComicSansMS-Bold

    /ComicSansMS-BoldItalic

    /ComicSansMS-Italic

    /Consolas

    /Consolas-Bold

    /Consolas-BoldItalic

    /Consolas-Italic

    /Constantia

    /Constantia-Bold

    /Constantia-BoldItalic

    /Constantia-Italic

    /CooperBlack

    /CooperBlackStd

    /CooperBlackStd-Italic

    /CopperplateGothic-Bold

    /CopperplateGothic-Light

    /Corbel

    /Corbel-Bold

    /Corbel-BoldItalic

    /Corbel-Italic

    /CorbelLight

    /CorbelLight-Italic

    /CourierNewPS-BoldItalicMT

    /CourierNewPS-BoldMT

    /CourierNewPS-ItalicMT

    /CourierNewPSMT

    /CurlzMT

    /DengXian

    /DengXian-Bold

    /DengXian-Light

    /DeVinneBT-Text

    /DFGothic-EB-WIN-RKSJ-H

    /DFKaiSho-SB-WIN-RKSJ-H

    /DFMincho-SU-WIN-RKSJ-H

    /DFMincho-UB-WIN-RKSJ-H

    /DFMincho-W5-WIN-RKSJ-H

    /DFPOP1-W9-WIN-RKSJ-H

    /Dubai-Bold

    /Dubai-Light

    /Dubai-Medium

    /Dubai-Regular

    /E-B1

    /E-B1X

    /E-B2

    /E-B2X

    /E-B3

    /E-B3X

    /E-B4

    /E-B4X

    /E-B5

    /E-B5X

    /E-B6

    /E-B6X

    /E-B7

    /E-B7X

    /E-B8

    /E-B8X

    /E-BD

    /E-BKB

    /E-BKBX

    /E-BKH

    /E-BKHX

    /Ebrima

    /Ebrima-Bold

    /E-BX

    /E-BZ

    /EdwardianScriptITC

    /E-DY

    /E-F1

    /E-F1X

    /E-F2

    /E-F2X

    /E-F3

    /E-F4

    /E-F4X

    /E-F5

    /E-F5X

    /E-F6

    /E-F6X

    /E-F7

    /E-F7X

    /E-F8

    /E-F9

    /E-F9X

    /E-FX

    /E-FZ

    /E-H1

    /E-H1X

    /E-H2

    /E-H2X

    /E-H3

    /E-H3X

    /E-H4

    /E-H4X

    /E-H5

    /E-H5X

    /E-H6

    /E-H6X

    /E-H7

    /E-H7X

    /E-HD

    /E-HT

    /E-HT1

    /E-HT2

    /E-HX

    /E-HZ

    /E-KY

    /Elephant-Italic

    /Elephant-Regular

    /EmbassyBT-Regular

    /E-NBS

    /EngraversGothicBT-Regular

    /EngraversMT

    /E-OCR

    /ErasITC-Bold

    /ErasITC-Demi

    /ErasITC-Light

    /ErasITC-Medium

    /E-SXT

    /E-TT

    /Euclid

    /Euclid-Bold

    /Euclid-BoldItalic

    /EuclidExtra

    /EuclidExtra-Bold

    /EuclidFraktur

    /EuclidFraktur-Bold

    /Euclid-Italic

    /EuclidMathOne

    /EuclidMathOne-Bold

    /EuclidMathTwo

    /EuclidMathTwo-Bold

    /EuclidSymbol

    /EuclidSymbol-Bold

    /EuclidSymbol-BoldItalic

    /EuclidSymbol-Italic

    /E-X1

    /E-X1X

    /E-XF1

    /E-XFX

    /E-XFZ

    /Exotic350BT-Bold

    /Exotic350BT-DemiBold

    /E-XT

    /E-XY

    /E-YB

    /E-YT1

    /E-YT2

    /FangSong

    /FelixTitlingMT

    /FencesPlain

    /FootlightMTLight

    /ForteMT

    /FranklinGothic-Book

    /FranklinGothic-BookItalic

    /FranklinGothic-Demi

    /FranklinGothic-DemiCond

    /FranklinGothic-DemiItalic

    /FranklinGothic-Heavy

    /FranklinGothic-HeavyItalic

    /FranklinGothic-Medium

    /FranklinGothic-MediumCond

    /FranklinGothic-MediumItalic

    /Freehand521BT-RegularC

    /FreestyleScript-Regular

    /FrenchScriptMT

    /FuturaBT-Bold

    /FuturaBT-BoldItalic

    /FuturaBT-Book

    /FuturaBT-BookItalic

    /FuturaBT-Medium

    /FuturaBT-MediumItalic

    /FZBSK--GBK1-0

    /FZCCHK--GBK1-0

    /FZCQK--GBK1-0

    /FZCSK--GBK1-0

    /FZCYK--GBK1-0

    /FZDBSK--GBK1-0

    /FZDHTK--GBK1-0

    /FZFSK--GBK1-0

    /FZHCK--GBK1-0

    /FZHLK--GBK1-0

    /FZHPK--GBK1-0

    /FZHTK--GBK1-0

    /FZKANGK--GBK1-0

    /FZKTK--GBK1-0

    /FZL2K--GBK1-0

    /FZLBK--GBK1-0

    /FZLSK--GBK1-0

    /FZMHK--GBK1-0

    /FZNBSK--GBK1-0

    /FZNSTK--GBK1-0

    /FZPHTK--GBK1-0

    /FZPWK--GBK1-0

    /FZS&T_S-BZ

    /FZS&T_S-BZ-Bold

    /FZS&T_S-BZ-BoldItalic

    /FZS&T_S-BZ-Italic

    /FZS_Extra

    /FZS3K--GBK1-0

    /FZSEK--GBK1-0

    /FZSHK--GBK1-0

    /FZSJSK--GBK1-0

    /FZSSK--GBK1-0

    /FZSTK--GBK1-0

    /FZSTS_MPS-Bold

    /FZSTS_MPS-BoldItalic

    /FZSTS_MPS-Italic

    /FZSTS_MPS-Regular

    /FZSYK--GBK1-0

    /FZSZK--GBK1-0

    /FZWBK--GBK1-0

    /FZXBSK--GBK1-0

    /FZXDXK--GBK1-0

    /FZXH1K--GBK1-0

    /FZXKK--GBK1-0

    /FZXQK--GBK1-0

    /FZXSHK--GBK1-0

    /FZY1K--GBK1-0

    /FZY3K--GBK1-0

    /FZY4K--GBK1-0

    /FZYTK--GBK1-0

    /FZYXK--GBK1-0

    /FZZDXK--GBK1-0

    /FZZHYK--GBK1-0

    /FZZQK--GBK1-0

    /FZZYK--GBK1-0

    /Gabriola

    /Gadugi

    /Gadugi-Bold

    /Garamond

    /Garamond-Bold

    /Garamond-Italic

    /GBK_S

    /Geometric212BT-BookCondensed

    /Geometric212BT-HeavyCondensed

    /Geometric415BT-BlackA

    /Geometric706BT-BlackCondensedB

    /GeometricSlab703BT-Bold

    /GeometricSlab703BT-BoldCond

    /GeometricSlab703BT-BoldItalic

    /GeometricSlab703BT-Medium

    /GeometricSlab703BT-MediumCond

    /GeometricSlab703BT-MediumItalic

    /Georgia

    /Georgia-Bold

    /Georgia-BoldItalic

    /Georgia-Italic

    /GiddyupStd

    /Gigi-Regular

    /GillSansMT

    /GillSansMT-Bold

    /GillSansMT-BoldItalic

    /GillSansMT-Condensed

    /GillSansMT-ExtraCondensedBold

    /GillSansMT-Italic

    /GillSans-UltraBold

    /GillSans-UltraBoldCondensed

    /GloucesterMT-ExtraCondensed

    /GoudyOldStyleT-Bold

    /GoudyOldStyleT-Italic

    /GoudyOldStyleT-Regular

    /GoudyStout

    /Haettenschweiler

    /HarlowSolid

    /Harrington

    /HighTowerText-Italic

    /HighTowerText-Reg

    /HoboStd

    /HoloLensMDL2Assets

    /Humanist521BT-Bold

    /Humanist521BT-BoldItalic

    /Humanist521BT-Italic

    /Humanist521BT-Light

    /Humanist521BT-LightItalic

    /Humanist521BT-Roman

    /Humanist777BT-BlackCondensedB

    /Humanist777BT-BlackItalicB

    /Humanist777BT-BoldCondensedB

    /Humanist777BT-LightB

    /Humanist777BT-RomanB

    /Humanist777BT-RomanCondensedB

    /IDaideCircleSS

    /Impact

    /ImprintMT-Shadow

    /InformalRoman-Regular

    /InkFree

    /JavaneseText

    /Jokerman-Regular

    /JuiceITC-Regular

    /KaiTi

    /KaufmannBT-Regular

    /KozGoPr6N-Bold

    /KozGoPr6N-ExtraLight

    /KozGoPr6N-Heavy

    /KozGoPr6N-Light

    /KozGoPr6N-Medium

    /KozGoPr6N-Regular

    /KozGoPro-Bold

    /KozGoPro-ExtraLight

    /KozGoPro-Heavy

    /KozGoPro-Light

    /KozGoPro-Medium

    /KozGoPro-Regular

    /KozMinPr6N-Bold

    /KozMinPr6N-ExtraLight

    /KozMinPr6N-Heavy

    /KozMinPr6N-Light

    /KozMinPr6N-Medium

    /KozMinPr6N-Regular

    /KozMinPro-Bold

    /KozMinPro-ExtraLight

    /KozMinPro-Heavy

    /KozMinPro-Light

    /KozMinPro-Medium

    /KozMinPro-Regular

    /KristenITC-Regular

    /KunstlerScript

    /LatinWide

    /Leelawadee

    /LeelawadeeBold

    /Leelawadee-Bold

    /LeelawadeeUI

    /LeelawadeeUI-Bold

    /LeelawadeeUI-Semilight

    /LetterGothicStd

    /LetterGothicStd-Bold

    /LetterGothicStd-BoldSlanted

    /LetterGothicStd-Slanted

    /LiSu

    /LithosPro-Black

    /LithosPro-Regular

    /LucidaBright

    /LucidaBright-Demi

    /LucidaBright-DemiItalic

    /LucidaBright-Italic

    /LucidaCalligraphy-Italic

    /LucidaConsole

    /LucidaFax

    /LucidaFax-Demi

    /LucidaFax-DemiItalic

    /LucidaFax-Italic

    /LucidaHandwriting-Italic

    /LucidaSans

    /LucidaSans-Demi

    /LucidaSans-DemiItalic

    /LucidaSans-Italic

    /LucidaSans-Typewriter

    /LucidaSans-TypewriterBold

    /LucidaSans-TypewriterBoldOblique

    /LucidaSans-TypewriterOblique

    /LucidaSansUnicode

    /Magneto-Bold

    /MaiandraGD-Regular

    /MalgunGothic

    /MalgunGothicBold

    /MalgunGothic-Semilight

    /Marlett

    /MaturaMTScriptCapitals

    /Meiryo

    /Meiryo-Bold

    /Meiryo-BoldItalic

    /Meiryo-Italic

    /MeiryoUI

    /MeiryoUI-Bold

    /MeiryoUI-BoldItalic

    /MeiryoUI-Italic

    /MesquiteStd

    /MicrosoftHimalaya

    /MicrosoftJhengHeiBold

    /MicrosoftJhengHeiLight

    /MicrosoftJhengHeiRegular

    /MicrosoftJhengHeiUIBold

    /MicrosoftJhengHeiUILight

    /MicrosoftJhengHeiUIRegular

    /MicrosoftNewTaiLue

    /MicrosoftNewTaiLue-Bold

    /MicrosoftPhagsPa

    /MicrosoftPhagsPa-Bold

    /MicrosoftSansSerif

    /MicrosoftTaiLe

    /MicrosoftTaiLe-Bold

    /MicrosoftUighur

    /MicrosoftUighur-Bold

    /MicrosoftYaHei

    /MicrosoftYaHei-Bold

    /MicrosoftYaHeiLight

    /MicrosoftYaHeiUI

    /MicrosoftYaHeiUI-Bold

    /MicrosoftYaHeiUILight

    /Microsoft-Yi-Baiti

    /MingLiU-ExtB

    /Ming-Lt-HKSCS-ExtB

    /MinionPro-Bold

    /MinionPro-BoldCn

    /MinionPro-BoldCnIt

    /MinionPro-BoldIt

    /MinionPro-It

    /MinionPro-Medium

    /MinionPro-MediumIt

    /MinionPro-Regular

    /MinionPro-Semibold

    /MinionPro-SemiboldIt

    /Mistral

    /MMaArrow-Bold

    /MMaArrow-BoldItalic

    /MMaArrow-Italic

    /MMaArrow-Regular

    /MMaBinary-Bold

    /MMaBinary-BoldItalic

    /MMaBinary-Italic

    /MMaBinary-Regular

    /MMaCentury-Bold

    /MMaCentury-BoldItalic

    /MMaCentury-Italic

    /MMaCenturyK-Bold

    /MMaCenturyK-BoldItalic

    /MMaCenturyK-Italic

    /MMaCenturyK-Regular

    /MMaCentury-Regular

    /MMaEtc-Bold

    /MMaEtc-BoldItalic

    /MMaEtc-Italic

    /MMaEtc-Regular

    /MMaExtra-Bold

    /MMaExtra-BoldItalic

    /MMaExtra-Italic

    /MMaExtra-Regular

    /MMaFermat-Bold

    /MMaFermat-Regular

    /MMaFraktur-Bold

    /MMaFraktur-Regular

    /MMaGauss-Bold

    /MMaGauss-Regular

    /MMaGreek-Bold

    /MMaGreek-BoldItalic

    /MMaGreek-Italic

    /MMaGreek-Regular

    /MMaNegate-Bold

    /MMaNegate-BoldItalic

    /MMaNegate-Italic

    /MMaNegate-Regular

    /MMaPascal-Bold

    /MMaPascal-Regular

    /MMaRelation-Bold

    /MMaRelation-BoldItalic

    /MMaRelation-Italic

    /MMaRelation-Regular

    /MMArrow

    /MMArrowBold

    /MMArrowBoldItalic

    /MMArrowItalic

    /MMaTextBook-Bold

    /MMaTextBook-BoldItalic

    /MMaTextBook-Italic

    /MMaTextBook-Regular

    /MMaVariable2-Bold

    /MMaVariable2-Regular

    /MMaVariable2S-Regular

    /MMaVariable2SS-Regular

    /MMaVariableA-Bold

    /MMaVariableA-Regular

    /MMaVariableB-Bold

    /MMaVariable-Bold

    /MMaVariableB-Regular

    /MMaVariableC-Bold

    /MMaVariableC-Regular

    /MMaVariableD-Bold

    /MMaVariableD-Regular

    /MMaVariableF-Bold

    /MMaVariableF-Regular

    /MMaVariable-Regular

    /MMBinary

    /MMBinaryBold

    /MMBinaryBoldItalic

    /MMBinaryItalic

    /MMCenturyNew-Bold

    /MMCenturyNew-BoldItalic

    /MMCenturyNew-Italic

    /MMCenturyNewRD-Bold

    /MMCenturyNewRD-BoldItalic

    /MMCenturyNewRD-Italic

    /MMCenturyNewRD-Regular

    /MMCenturyNew-Regular

    /MMCenturyOld

    /MMCenturyOldBold

    /MMCenturyOldBoldItalic

    /MMCenturyOldGreek

    /MMCenturyOldGreekBold

    /MMCenturyOldGreekBoldItalic

    /MMCenturyOldGreekItalic

    /MMCenturyOldItalic

    /MMEtc

    /MMEtcBold

    /MMEtcBoldItalic

    /MMEtcItalic

    /MMExtra

    /MMExtraBold

    /MMExtraBoldItalic

    /MMExtraItalic

    /MMGreek

    /MMGreekBold

    /MMGreekBoldItalic

    /MMGreekItalic

    /MMNegate

    /MMNegateBold

    /MMNegateBoldItalic

    /MMNegateItalic

    /MMRelation

    /MMRelationBold

    /MMRelationBoldItalic

    /MMRelationItalic

    /MMSchoolRD-Bold

    /MMSchoolRD-BoldItalic

    /MMSchoolRD-Italic

    /MMSchoolRD-Regular

    /MMTextBook

    /MMTextBookB

    /MMTextBookBBold

    /MMTextBookBBoldItalic

    /MMTextBookBItalic

    /MMTextBookBold

    /MMTextBookBoldItalic

    /MMTextBookItalic

    /MMTimesBold

    /MMTimesBoldItalic

    /MMTimesItalic

    /MMTimesRoman

    /MMVariable

    /MMVariable2

    /MMVariable2Bold

    /MMVariableA

    /MMVariableABold

    /MMVariableB

    /MMVariableBBold

    /MMVariableBold

    /MMVariableC

    /MMVariableCBold

    /MMVariableD

    /MMVariableDBold

    /MMVariableF

    /MMVariableFBold

    /Modern-Regular

    /MohammadAdvbold

    /MongolianBaiti

    /MonotypeCorsiva

    /MS-Gothic

    /MSOutlook

    /MS-PGothic

    /MSReferenceSansSerif

    /MSReferenceSpecialty

    /MS-UIGothic

    /MT-Extra

    /MTExtraTiger

    /MVBoli

    /MyanmarText

    /MyanmarText-Bold

    /MyriadPro-Bold

    /MyriadPro-BoldCond

    /MyriadPro-BoldCondIt

    /MyriadPro-BoldIt

    /MyriadPro-Cond

    /MyriadPro-CondIt

    /MyriadPro-It

    /MyriadPro-Regular

    /MyriadPro-Semibold

    /MyriadPro-SemiboldIt

    /NEU-B1-Italic

    /NEU-B1-Regular

    /NEU-B1-S92-Italic

    /NEU-B1-S92-Regular

    /NEU-B2-Italic

    /NEU-B2-Regular

    /NEU-B2-S92-Italic

    /NEU-B2-S92-Regular

    /NEU-B3-Italic

    /NEU-B3-Regular

    /NEU-B3-S92-Italic

    /NEU-B3-S92-Regular

    /NEU-B4-Italic

    /NEU-B4-Regular

    /NEU-B4-S92-Italic

    /NEU-B4-S92-Regular

    /NEU-B5-Italic

    /NEU-B5-Regular

    /NEU-B5-S92-Italic

    /NEU-B5-S92-Regular

    /NEU-B6-Italic

    /NEU-B6-Regular

    /NEU-B6-S92-Italic

    /NEU-B6-S92-Regular

    /NEU-B7-Italic

    /NEU-B7-Regular

    /NEU-B7-S92-Italic

    /NEU-B7-S92-Regular

    /NEU-B8-Italic

    /NEU-B8-Regular

    /NEU-B8-S92-Italic

    /NEU-B8-S92-Regular

    /NEU-BD-Regular

    /NEU-BD-S92-Regular

    /NEU-BKB-Italic

    /NEU-BKB-Regular

    /NEU-BKB-S92-Italic

    /NEU-BKB-S92-Regular

    /NEU-BKH-Italic

    /NEU-BKH-Regular

    /NEU-BKH-S92-Italic

    /NEU-BKH-S92-Regular

    /NEU-BZ-Bold

    /NEU-BZ-BoldItalic

    /NEU-BZ-Italic

    /NEU-BZ-Regular

    /NEU-BZ-S92-Bold

    /NEU-BZ-S92-BoldItalic

    /NEU-BZ-S92-Italic

    /NEU-BZ-S92-Regular

    /NEU-DY-Regular

    /NEU-DY-S92-Regular

    /NEU-F1-Italic

    /NEU-F1-Regular

    /NEU-F1-S92-Italic

    /NEU-F1-S92-Regular

    /NEU-F2-Italic

    /NEU-F2-Regular

    /NEU-F2-S92-Italic

    /NEU-F2-S92-Regular

    /NEU-F3-Regular

    /NEU-F3-S92-Regular

    /NEU-F4-Italic

    /NEU-F4-Regular

    /NEU-F4-S92-Italic

    /NEU-F4-S92-Regular

    /NEU-F5-Italic

    /NEU-F5-Regular

    /NEU-F5-S92-Italic

    /NEU-F5-S92-Regular

    /NEU-F6-Italic

    /NEU-F6-Regular

    /NEU-F6-S92-Italic

    /NEU-F6-S92-Regular

    /NEU-F7-Italic

    /NEU-F7-Regular

    /NEU-F7-S92-Italic

    /NEU-F7-S92-Regular

    /NEU-F8-Regular

    /NEU-F8-S92-Regular

    /NEU-F9-Italic

    /NEU-F9-Regular

    /NEU-F9-S92-Italic

    /NEU-F9-S92-Regular

    /NEU-FZ-Italic

    /NEU-FZ-Regular

    /NEU-FZ-S92-Italic

    /NEU-FZ-S92-Regular

    /NEU-H1-Italic

    /NEU-H1-Regular

    /NEU-H1-S92-Italic

    /NEU-H1-S92-Regular

    /NEU-H2-Italic

    /NEU-H2-Regular

    /NEU-H2-S92-Italic

    /NEU-H2-S92-Regular

    /NEU-H3-Italic

    /NEU-H3-Regular

    /NEU-H3-S92-Italic

    /NEU-H3-S92-Regular

    /NEU-H4-Italic

    /NEU-H4-Regular

    /NEU-H4-S92-Italic

    /NEU-H4-S92-Regular

    /NEU-H5-Italic

    /NEU-H5-Regular

    /NEU-H5-S92-Italic

    /NEU-H5-S92-Regular

    /NEU-H6-Italic

    /NEU-H6-Regular

    /NEU-H6-S92-Italic

    /NEU-H6-S92-Regular

    /NEU-H7-Italic

    /NEU-H7-Regular

    /NEU-H7-S92-Italic

    /NEU-H7-S92-Regular

    /NEU-HD-Regular

    /NEU-HD-S92-Regular

    /NEU-HT1-Regular

    /NEU-HT1-S92-Regular

    /NEU-HT2-Regular

    /NEU-HT2-S92-Regular

    /NEU-HT-Regular

    /NEU-HT-S92-Regular

    /NEU-HZ-Italic

    /NEU-HZ-Regular

    /NEU-HZ-S92-Italic

    /NEU-HZ-S92-Regular

    /NEU-KY-Regular

    /NEU-KY-S92-Regular

    /NEU-NBS-Regular

    /NEU-NBS-S92-Regular

    /NEU-SXT-Regular

    /NEU-SXT-S92-Regular

    /NEU-TT-Regular

    /NEU-TT-S92-Regular

    /NEU-X1-Italic

    /NEU-X1-Regular

    /NEU-X1-S92-Italic

    /NEU-X1-S92-Regular

    /NEU-XF1-Regular

    /NEU-XF1-S92-Regular

    /NEU-XFZ-Italic

    /NEU-XFZ-Regular

    /NEU-XFZ-S92-Italic

    /NEU-XFZ-S92-Regular

    /NEU-XT-Regular

    /NEU-XT-S92-Regular

    /NEU-XY-Regular

    /NEU-XY-S92-Regular

    /NEU-YB-Regular

    /NEU-YB-S92-Regular

    /NEU-YT1-Regular

    /NEU-YT1-S92-Regular

    /NEU-YT2-Regular

    /NEU-YT2-S92-Regular

    /News701BT-BoldA

    /News701BT-ItalicA

    /News706BT-BoldC

    /NewsGothicBT-Bold

    /NewsGothicBT-BoldItalic

    /NewsGothicBT-Italic

    /NewsGothicBT-Light

    /NewsGothicBT-Roman

    /NiagaraEngraved-Reg

    /NiagaraSolid-Reg

    /NirmalaUI

    /NirmalaUI-Bold

    /NirmalaUI-Semilight

    /NotoSansSC-Thin

    /NSimSun

    /NuevaStd-BoldCond

    /NuevaStd-BoldCondItalic

    /NuevaStd-Cond

    /NuevaStd-CondItalic

    /OCRAbyBT-Regular

    /OCRAExtended

    /OCRAStd

    /OCRB10PitchBT-Regular

    /OldEnglishTextMT

    /Onyx

    /OratorStd

    /OratorStd-Slanted

    /Origin

    /PalaceScriptMT

    /PalatinoLinotype-Bold

    /PalatinoLinotype-BoldItalic

    /PalatinoLinotype-Italic

    /PalatinoLinotype-Roman

    /Papyrus-Regular

    /Parchment-Regular

    /Perpetua

    /Perpetua-Bold

    /Perpetua-BoldItalic

    /Perpetua-Italic

    /PerpetuaTitlingMT-Bold

    /PerpetuaTitlingMT-Light

    /Playbill

    /PMingLiU-ExtB

    /PoorRichard-Regular

    /PoplarStd

    /PrestigeEliteStd-Bd

    /Pristina-Regular

    /RageItalic

    /Ravie

    /Rockwell

    /Rockwell-Bold

    /Rockwell-BoldItalic

    /Rockwell-Condensed

    /Rockwell-CondensedBold

    /Rockwell-ExtraBold

    /Rockwell-Italic

    /RosewoodStd-Regular

    /SchadowBT-Bold

    /SchadowBT-Roman

    /ScriptMTBold

    /SegoeMDL2Assets

    /SegoePrint

    /SegoePrint-Bold

    /SegoeScript

    /SegoeScript-Bold

    /SegoeUI

    /SegoeUIBlack

    /SegoeUIBlack-Italic

    /SegoeUI-Bold

    /SegoeUI-BoldItalic

    /SegoeUIEmoji

    /SegoeUIHistoric

    /SegoeUI-Italic

    /SegoeUI-Light

    /SegoeUI-LightItalic

    /SegoeUI-Semibold

    /SegoeUI-SemiboldItalic

    /SegoeUI-Semilight

    /SegoeUI-SemilightItalic

    /SegoeUISymbol

    /ShowcardGothic-Reg

    /SimHei

    /SimSun

    /SimSun-ExtB

    /SimSun-ExtG

    /SitkaBanner

    /SitkaBanner-Bold

    /SitkaBanner-BoldItalic

    /SitkaBanner-Italic

    /SitkaDisplay

    /SitkaDisplay-Bold

    /SitkaDisplay-BoldItalic

    /SitkaDisplay-Italic

    /SitkaHeading

    /SitkaHeading-Bold

    /SitkaHeading-BoldItalic

    /SitkaHeading-Italic

    /SitkaSmall

    /SitkaSmall-Bold

    /SitkaSmall-BoldItalic

    /SitkaSmall-Italic

    /SitkaSubheading

    /SitkaSubheading-Bold

    /SitkaSubheading-BoldItalic

    /SitkaSubheading-Italic

    /SitkaText

    /SitkaText-Bold

    /SitkaText-BoldItalic

    /SitkaText-Italic

    /SnapITC-Regular

    /Square721BT-Bold

    /Square721BT-BoldCondensed

    /Square721BT-Roman

    /Square721BT-RomanCondensed

    /STCaiyun

    /Stencil

    /StencilStd

    /STFangsong

    /STHupo

    /STKaiti

    /STLiti

    /STSong

    /STXihei

    /STXingkai

    /STXinwei

    /STZhongsong

    /Swiss721BT-Black

    /Swiss721BT-BlackCondensed

    /Swiss721BT-Bold

    /Swiss721BT-BoldCondensed

    /Swiss721BT-BoldCondensedItalic

    /Swiss721BT-BoldItalic

    /Swiss721BT-Heavy

    /Swiss721BT-Italic

    /Swiss721BT-ItalicCondensed

    /Swiss721BT-Light

    /Swiss721BT-LightExtended

    /Swiss721BT-LightItalic

    /Swiss721BT-Roman

    /Swiss721BT-RomanCondensed

    /Sylfaen

    /SymbolMT

    /SymbolTiger

    /SymbolTigerExpert

    /Tahoma

    /Tahoma-Bold

    /TektonPro-Bold

    /TektonPro-BoldCond

    /TektonPro-BoldExt

    /TektonPro-BoldObl

    /TempusSansITC

    /Tiger

    /TigerExpert

    /TimesNewRomanPS-BoldItalicMT

    /TimesNewRomanPS-BoldMT

    /TimesNewRomanPS-ItalicMT

    /TimesNewRomanPSMT

    /TrajanPro-Bold

    /TrajanPro-Regular

    /Trebuchet-BoldItalic

    /TrebuchetMS

    /TrebuchetMS-Bold

    /TrebuchetMS-Italic

    /TwCenMT-Bold

    /TwCenMT-BoldItalic

    /TwCenMT-Condensed

    /TwCenMT-CondensedBold

    /TwCenMT-CondensedExtraBold

    /TwCenMT-Italic

    /TwCenMT-Regular

    /TypoUprightBT-Regular

    /Verdana

    /Verdana-Bold

    /Verdana-BoldItalic

    /Verdana-Italic

    /VinerHandITC

    /Vivaldii

    /VladimirScript

    /Webdings

    /Wingdings2

    /Wingdings3

    /Wingdings-Regular

    /YouYuan

    /YuGothic-Bold

    /YuGothic-Light

    /YuGothic-Medium

    /YuGothic-Regular

    /YuGothicUI-Bold

    /YuGothicUI-Light

    /YuGothicUI-Regular

    /YuGothicUI-Semibold

    /YuGothicUI-Semilight

    /ZWAdobeF

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 2400

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages false

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 2400

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages false

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 2400

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages false

  /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 <<



    /BGR <>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV <>

    /HUN <>

    /ITA <>

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /NoConversion

      /DestinationProfileName ()

      /DestinationProfileSelector /NA

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /NA

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [4000 4000]

  /PageSize [612.000 792.000]

>> setpagedevice



