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Abstract: To improve the efficiency of the wireless power transfer (WPT) system without increasing
the system size, a central bulge ferrite core with a novel configuration is proposed. The mutual
inductance between magnetic coupling structures is able to increase obviously, which is approved by
eigenfunction expansion method. In this paper, the mathematical models of the planar core and the
central bulge core are established, respectively, as two types of the mutual inductance are calculated
in same condition. The structure parameters of the central bulge ferrite core are further optimized
by Maxwell magnetic field simulation. Experiments are conducted to compare the WPT efficiency
of two types of ferrite cores in improving the efficiency of WPT system, in which the influence of
transmission distance, lateral misalignment, and load variation are taken into account. The results
show that central bulge ferrite core has better performance in WPT efficiency than the planar one,
even in the case of long power transfer distance and lateral misalignment.

Keywords: wireless power transfer (WPT); compensation network topology; magnetic coupling
structure; mutual inductance; electromagnetic field numerical calculation; design and optimization

1. Introduction

With the recent development of electrification, the wireless power transmission has
been increasingly used in electric vehicles chargers, biomedical devices, environmental
monitoring technology, and robotic systems for the advantages of safety, flexibility, and
convenient maintenance [1–6]. The wireless power transfer (WPT) system via inductive
coupling has been widely used to replace electromagnetic radiation system due to lower
power loss and more environmentally friendly [7,8]. However, the efficiency of two-coil
system based on the maximum power transfer principle has an inherent limitation that
cannot exceed 50% [9,10]. Therefore, how to improve power transmission efficiency has
become a key challenge for WPT systems [11].

Increasing the size of inductive coupling coils can enhance the magnetic field to im-
prove transmission efficiency [12]. In recent years, intensive research has been conducted
to improve the magnetic coupling relationship by magnetic coupling structure design,
and many new types of coils have been proposed [13–15]. The WPT systems with more
than three coils between the primary and secondary side have the advantages of high
coupling coefficient, long transmission distance, and wide operating frequency range [16],
which makes multi-coil structure an effective way to improve the power transfer efficiency
of WPT system. In [10], a novel U-coil WPT system is developed to improve the trans-
mission efficiency, and it ensures the cleanliness of the space along the transfer direction.
The influence of magnetic coupling of nonadjacent resonators on the optimal frequency
is investigated to provide a feasible method for the following research of WPT system
resonators based on Domino form [17]. However, the increasing number of coils could
improve system efficiency, but also expand the system size, which becomes an infeasible
solution in some actual conditions where the space is limited. Changing the system’s circuit
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topology and control strategy become two alternative methods [18,19], but they may often
lead to sophisticated control circuit with enormous calculation burden.

To improve the weak coupling magnetic field of the separate coils, adding square and
circular planar ferrite core can make a better balance between power transfer efficiency
and system size [20,21]. To the further improvement of transfer efficiency, many research
groups begin to explore new core structures. In [22], the scheme of replacing the traditional
circular planar core with magnetic strips is designed and optimized, which can reduce
the system size and weight without sacrificing the transfer efficiency. A new structure of
circular and rod cores is proposed in [23] to achieve a better misalignment tolerance and
lower loss, but analytic calculation of magnetic field for the special-shaped cores is not
included in this paper. In [24], an ameliorated cylindrical core is proposed to weaken the
demagnetization factor and improve power transmission efficiency, while this change is
non-applicable to the planar cores.

Inspired by the works in [23,24], a central bulge ferrite core is proposed in this paper to
increase power transfer efficiency while controlling the system size. In addition, the analyt-
ical calculation methods of magnetic field and mutual inductance for special-shaped core
are provided. The rest of this paper is structured as follows. In Section 2, the relationship
between transmission efficiency and mutual inductance is calculated, then the magnetic
field and mutual inductance are computed by mathematical models of the two types of
cores. In Section 3, considering the original constraints of the system, the optimization of
the proposed core is conducted. In Sections 4 and 5, the optimized central bulge ferrite core
is verified by simulation and experiments. Finally, conclusions are drawn in Section 6.

2. Efficiency Analysis for the Planar Core and the Central Bulge Ferrite Cores

In this section, power transfer efficiency analysis consists of two steps. The influence
of mutual inductance on transmission efficiency is investigated in Section 2.1. Then the
analytical calculation of mutual inductance and magnetic field for two cores is completed
in Section 2.2, which also provides a feasible method to calculate the magnetic field for
special-shaped cores.

2.1. Influence of Mutual Inductance on WPT System Efficiency

Only the series-series (SS) compensation structure is considered here as an example,
and the SS compensation network topology model is shown in Figure 1.

L
1
L
2

Figure 1. Equivalent circuit topology of WPT system with SS compensation network.

Based on the derivation in [5], the input power PIN and output power POUT can be
expressed as

PIN = UI1 =
U2

R1 +
ω2

0 M2

R2 + RL

(1)
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POUT = I2
2 RL =

ω2
0 M2U2R2

L(
R1 +

ω2
0 M2

R2 + RL

)2

(R2 + RL)
2

(2)

where ω0=
√

1
C2L2

=
√

1
C1L1

is the resonant frequency of the system, which is the resonant
frequency of the system, and it is generated by the resonance between the compensation
capacitor and the self-inductance coil. Near the resonant frequency, the system is approxi-
mately resistive, so the effect of reactive power is ignored, and the operating efficiency of
the system can be obtained from (1) and (2).

η =
ω2

0 M2R2
L(

R1 +
ω2

0 M2

R2 + RL

)
(R2 + RL)

2 (3)

where η is the transmission efficiency of WPT system, R1 and R2 are the equivalent resis-
tance of primary and secondary side, and U is the input voltage.

According to the actual parameters in the WPT circuit, let RL = 10 Ω, R1 = 2 Ω,
R2 = 1.5 Ω, the relationship between mutual inductance and WPT efficiency can be drawn,
as shown in Figure 2.
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Figure 2. Curve of mutual inductance and efficiency when RL = 10 Ω, R1 = 2 Ω, R2 = 1.5 Ω.

It is obvious that the transmission efficiency increases with the increase of mutual
inductance when RL, R1, and R2 are constant. Changing the coil structure may bring a
slight change of coil self-induction, but according to Formulas (2) and (3), the transmission
power and efficiency of the system are mainly affected by the mutual inductance between
the primary side and the secondary side. Therefore, the transmission efficiency of the WPT
system can be improved if the mutual inductance of the magnetic coupling structure can
be enhanced by changing the shape of the core without changing the coil structure.

2.2. Mutual Inductance Calculation for Central Bulge Ferrite Core

The existing methods for mutual inductance calculation are mostly based on a sin-
gle pair of coils or coils with a planar core. Therefore, we improved the eigenfunction
expansion method proposed in [25,26] to calculate mutual inductance for planar core.
Then, the mutual inductance for central bulge ferrite core is calculated based on the im-
proved method.

2.2.1. Mutual Inductance Calculation of Planar Core

The schematic diagram and structure parameters of the planar core, with the trans-
verse profile shown in Figure 3. The radius of the planar core (Rm), the total thickness of
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magnetic structure (H), the inner and outer radius of circular coil (R and r), the thickness of
the coil (h), and the distance between two coils are described as a1, b3 − b1, a2, a1, b2 − b1,
and 2b1, respectively. Area 1 and Area 5 are the air regions above and below the magnetic
coupling structure; Area 2 and Area 4 are the magnetic core region including the magnetic
core; Area 3 is the active region including the coil; and Area 5 is axisymmetric about the
R axis.

r

h

d

H

Rm

R

(a)

d

H

h

(b)

Figure 3. Planar core: (a) Schematic diagram and structure parameters; (b) Transverse profile.

It is assumed that the coil is evenly wound by insulated wires so that the current
density J can be regarded as a constant on the whole cross section. The vector potential
A in different regions is split into A1(z > b3), A2(b2 ≤ z ≤ b3), A3(−b2 ≤ z ≤ b2),
A4(−b3 ≤ z ≤ −b2), and A5(z ≤ −b3). In addition, A2 is further divided into A(1)

2 (b2 ≤
z ≤ b3, 0 ≤ r ≤ a1) and A(2)

2 (b2 ≤ z ≤ b3, a1 ≤ r ≤ a) (A4 has the same division method).
Then, the Laplace and Poisson equations of the vector potential A in the corresponding
regions can be obtained as follows,{

∆A1,2,4,5 = 0
∆A3 = −µ0 J(r, z)

(4)

where

J(r, z) =


J, a2 ≤ r ≤ a1, b1 ≤ z ≤ b2

0, otherwise
(5)

also, the Laplacian can be written as

∆=
∂2

∂r2 +
1
r

∂

∂r
− 1

r2 +
∂2

∂z2 (6)

Moreover, the boundary conditions (A1)–(A11) are listed in the Appendix A.
In the following, this paper employs the matrix symbol to make the subsequent

representation clear, and the superscript (T) will represent the transposed form of the
matrix. Then, we define the eigenvalues pi of the diagonal matrix P are composed of the
positive roots of J1(pa) = 0, and the eigenvalues qi of the diagonal matrix Q are composed
of the positive roots of the eigenvalue equation.

µr J1(qa1)R0(qa1) = J0(qa1)R1(qa1) (7)

R0(qr) = J0(qr)Y1(qa)− J1(qa)Y0(qr)

R1(qr) = J1(qr)Y1(qa)− J0(qa)Y0(qr)
(8)

where Jn(x) and Yn(x) are the Bessel functions of the first and second kind, respectively.



Energies 2021, 14, 5111 5 of 19

Define the elements of the column vector J1(r) as J1(pir), and the elements of column
vectors F(r), G(r) are as follows

F(qir) = R1(qia1)J1(qir)

G(qir) = J1(qia1)R1(qir)
(9)

For the primary core, the source function K(d)
1 (z) can be obtained by the expansion of

the eigenfunction µ0 J(r) = JT
1 (r)PK(d)

1 of region 3 as

K(d)
1 (z) =

 K(d)
1 , b1 ≤ z ≤ b2

cosh[(z− b1)P]K(d)
1 , z ≤ b1

(10)

Similarly, for the secondary core, we have

K(d)
2 (z) =

 cosh[(z + b1)P]K(d)
2 , z ≥ −b2

K(d)
2 , − b2 ≤ z ≤ −b1

(11)

K(d)(z) = K(d)
1 (z) + K(d)

2 (z)

=


K(d)

1 + cosh[(z + b1)P]K(d)
2 , b1 ≤ z ≤ b2

cosh[(z− b1)P]K(d)
1 + cosh[(z + b1)P]K(d)

2 ,
− b1 ≤ z ≤ b1

cosh[(z− b1)P]K(d)
1 + K(d)

2 , − b2 ≤ z ≤ −b1

(12)

where the column vectors K(d)
1 and K(d)

2 have the same elements:

Ki =
µ0 J
a2

f1(pn, a1)− f1(pn, a2)

J2
0 (pna)

(13)

f1(p, r) =
πr
2p

[J1(pr)H0(pr)− J0(pr)H1(pr)] (14)

moreover, Hn(x) is the Struve function.
According to the method of separation of variables, the ansatzes of the vector potential

A of the relevant region can be obtained.

A1(r, z) = JT
1 (r)P−1e−(z−b3)PC1 (15)

A2(r, z) =
[

FT(r)
GT(r)

]
0≤r≤a1
a1≤r≤a

·Q−1
[
e−(z−b2)QC2 + e(z−b2)QD2

]
, (16)

A3(r, z) = JT
1 (r)P−1[e−(z+b2)PC3 + e(z+b2)PD3 + K(d)(z)] (17)

A4(r, z) =
[

FT(r)
GT(r)

]
0≤r≤a1
a1≤r≤a

·Q−1
[
e−(z+b3)QC4 + e(z+b3)QD4

]
(18)

A5(r, z) = JT
1 (r)P−1e(z+b3)PD5 (19)
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In the following calculation, define

S =
∫ a

0
rJ1(r)JT

1 (r)dr (20)

T =
∫ a1

0
rJ1(r)FT(r)dr +

∫ a

a1

rJ1(r)GT(r)dr (21)

N =
1
µr

∫ a1

0
rF(r)FT(r) +

∫ a

a1

rG(r)GT(r) (22)

Let

V1 = (TT)−1N, V2 = PS−1TQ−1

E±1 = V2 ±V1, E±2 = V−1
2 ±V−1

1

(23)

Substituting the Formulas (15)–(20) into Formulas (A1)–(A11), the following formulas
can be obtained: [

K11 K12
K21 K22

][
C3
D3

]
=

[
W1
W2

]
(24)

where

K11 = (E−1 e−(b3−b2)QE+
2 + E+

1 e(b3−b2)QE−2 )e−2b2P,

K12 = (E−1 e−(b3−b2)QE−2 + E+
1 e(b3−b2)QE+

2 )e2b2P,

K21 = E+
1 e(b3−b2)QE+

2 − E−1 e−(b3−b2)QE−2 ,

K22 = E+
1 e(b3−b2)QE−2 − E−1 e−(b3−b2)QE+

2 ,

W1 = −(E−1 e−(b3−b2)QE+
2 + E+

1 e(b3−b2)QE−2 )K(d)(b2),

W2 = (E−1 e−(b3−b2)QE+
2 − E+

1 e(b3−b2)QE−2 )K(d)(−b2)

(25)

Solving Equation (24) yields C3 and D3, and then other pending coefficients can be
found by Equation (26):

C2 = 1
2

[
E+

2 e−2b2PC3 + E−2 e−2b2PD3 + E+
2 K(d)(b2)

]
D2 = 1

2

[
E−2 e−2b2PC3 + E+

2 e−2b2PD3 + E−2 K(d)(b2)
]

C4 = 1
2 e(b3−b2)Q

[
E+

2 C3 + E−2 D3 + E−2 K(d)(−b2)
]

D4 = 1
2 e−(b3−b2)Q

[
E−2 C3 + E+

2 D3 + E+
2 K(d)(−b2)

]
D5 = V2(C4 + D4)

(26)

When calculating the mutual inductance, the contributions of coils 1 and 2 should be
calculated separately. Let K(d)

2 = 0, the contribution of the coil 1 can be directly obtained

and distinguished by the superscript “(1)”. Similarly, let K(d)
1 = 0, the contribution of the

coil 2 can be obtained, which is represented by the superscript “(2)”. The notation ω is
used to indicate the number of turns of the coil, then the analytic expression of mutual
inductance can be obtained as follows:
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M(d) =
1

I1 I2

∫
V

A(1)
3 · J

(2)dV

=
2πω2

(a1 − a2)
2(b2 − b1)

2 ΛT P−12[(e−(b1+b2)P − e−2b2P)·

C(2)
3 + (e2b2P − e(b1+b2)P)D(2)

3 +
∫ b2

b1
K(d)

2 (z)dz]

(27)

where ΛT = f1(pn, a1)− f2(pn, a2) =
∫ a2

a1
rJT

1 (r)dr.

2.2.2. Mutual Inductance Calculation of the Central Bulge Ferrite Core

The schematic diagram and structure parameters of the central bulge ferrite core, with
the transverse profile shown in Figure 4.
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Figure 4. Central bulge ferrite core: (a) Schematic diagram and structure parameters; (b) Transverse
profile.

Similar to the planar core, the transverse profile of central bulge ferrite core is symmet-
rically divided into several different regions along the r-axis, where the regions 1 and 9 are
the respective air zones above and below the magnetic coupling structure, and region 5 is
the air zone between two cores. For the convenience of analysis, an imaginary region 3 (air
zone) is inserted between region 2 and 4. The upper and lower bounds of region 3 are b3
and b2, respectively (b3 is infinitely close to b2). The same assumptions is made for region 7
at the negative direction of the z-axis.

The boundary conditions of each region in Figure 4b can be obtained with the same
method in (A1)–(A11), which are not listed here considering the conciseness.

The calculation of the vector potential of the relevant region can be obtained on the
basis of variable separation method as (A12)–(A20) show, which is listed in the Appendix A.

Similar to the calculation method in Section 2.2.1, regions 4 and 6 are regarded as
source term, and the source function K(z) is obtained by the eigenfunction expansion

µ0 J(r) =
FT

2 (r)
GT

2 (r)
Q2K in regions 4 and 6:

K1(z) = K, b1 ≤ z ≤ b2

K2(z) = K, − b2 ≤ z ≤ −b1
(28)

where the following elements compose the column vectors:

Ki = µ0 J
ψ(qi)

qi Ni
(29)
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and

ψ(qi)=J1(qia2)Y1(qia)[ f1(qi, a1)− f1(qi, a2)]

+J1(qia2)J1(qia)[ f2(qi, a1)− f2(qi, a2)]
(30)

Ni =
1
2

J2
1 (qia2)

[
a2R2

0(qia)− a2
2R2

0(qia2)
]

+
1

2µr
a2

2R2
1(qia)

[
J2
0 (qia2)− (µr − 1)J2

1 (qia2)
] (31)

f1(q, r) has the same definitions to f1(p, r), and

f2(q, r) =
πr
2q

[Y1(qr)H0(qr)−Y0(qr)H1(qr)] (32)

FT
1 (r), GT

1 (r), and Q1, and FT(r), GT(r), and Q have the same eigenvalue, and the
eigenvalues of FT

2 (r), GT
2 (r), Q2 are given by

µr J1(qa2)R0(qa2) = J0(qa2)R1(qa2) (33)

The undetermined coefficients C1 C8 and can be obtained by the method shown in
Section 2.2.1, and then we can get the mutual inductance:

M =
1

I1 I2

∫
V

A(2)
4 · J

(1)dV

=
2πω2

(a1 − a2)
2(b2 − b1)

2 ψT(Q2)(Q−1
2 )2·

[(1− e(b2−b1)Q)C(2)
4 + (e(b2−b1)Q − 1)D(2)

4 ]

(34)

2.2.3. Comparative Analysis

For Equations (27) and (34), owing to the constant changes of parameters in the
diagonal matrix P and Q, the direct comparison seems to be impractical. The magnetic
permeability of the central bulge in Figure 4b is set to be µx. Therefore, it is equivalent to
the planar magnetic coupling structure shown in Figure 3b, which means when µx = µ0,
the results of (34) M′ is equal to M(d), which is calculated from (27).

Let m =
2πω2

(a1 − a2)
2(b2 − b1)

2 . After extracting the common factor by (33), we can

obtain

M = mϕT(Qx)Q−2
x (e(b2−b1)Qx − 1)(D(2)

4 − C(2)
4 ) (35)

As for D(2)
4 − C(2)

4 , it is a column vector related to Qx, and we define

E(Qx) = D(2)
4 − C(2)

4 (36)

A = Q−2
x (e(b2−b1)Qx − 1) (37)

For the diagonal matrix Qx, there is

m
√

λmin(AT A)|ϕ(Qx)||E(Qx)| ≤ mϕT(Qx)AE(Qx)

mϕT(Qx)AE(Qx) ≤ m
√

λmax(AT A)|ϕ(Qx)||E(Qx)|
(38)

√
λmax(AT A) =

√
λmax(A2) =

√
[λmax(A)]2 = λmax(A) (39)
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where λmin(A) and λmax(A) are the minimum and maximum eigenvalues of the matrix A,
respectively. When the magnetic permeability µx of the intermediate bulge changes, the
eigenvalues of the positive diagonal array Qx will change accordingly.

µx J1(qa2)R0(qa2) = J0(qa2)R1(qa2) (40)

To seek the solution of (40), let H1(q) = J0(qa2)R1(qa2), H2(q) = µ0 J1(qa2)R0(qa2),
H3(q) = µ3 J1(qa2)R0(qa2), whose function images are shown in Figure 5. In Figure 5, the
purple, black, and green dots represent the common intersection points of three functions,
intersection points of H1 and H2, and intersection points of H1 and H3. It is clear that
black dots are more dense than green dots, which means that when µx is increased, most
of the values of qi will increase, and only a small fraction will decrease with the same i.
As the oscillation of the Bessel function is gradually attenuated, when the value of qi is
comparatively large, even if the change of qi causes the diagonal matrix Qx to change, but
the fluctuation of |ϕ(Qx)||E(Qx)| is small, so only λ(A) is discussed below.

0 71 2 3 4 5 6
q  (when a

1
=60, a=2000, µ

0
=1, µ

r
=3000)

2

1

0

1

2

H
(q

)

x10
4

H
1
(q)

H
2
(q)

H
3
(q)

Figure 5. Changes of the eigenvalues for Qx when µx change.

λ(A) can be written as λ(A) = q−2(e(b2−b1)q − 1), for that Qx is positive definite
diagonal matrix. In practical applications, the thickness of the coil is generally about
1–5 mm, so let 1 ≤ b2 − b1 ≤ 5. When b = b2 − b1 changes, the curve of λ(A) is shown in
Figure 6.

0 1 2 3 4 5q
0

20

40

60

80

100
b=1.25
b=1.5
b=1.75
b=2
b=3
b=4
b=5

Figure 6. Curve of λ(A) under different b.

As can be seen from the Figure 6, when q > 2, λ(A) is monotonically increasing.
Therefore, for the diagonal matrix Qx, the eigenvalues qi is mostly located in the monotonic
increasing zone, and a very small portion is located in the monotonic decreasing zone.
Therefore, when the vast majority of qi in the monotonic increasing zone increases, λ(A)
will increase, and the mutual inductance M will increase. Therefore, when the magnetic
permeability of the intermediate bulge is increased, the mutual inductance is increased,
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which theoretically proves that the mutual inductance of the proposed core is greater than
that of the planar core.

In summary, from the perspective of mathematical calculation, the proposed core
can enhance the mutual inductance of the magnetic coupling structure by improving the
magnetic field coupling relationship, thereby improving the system efficiency.

3. Parameter Design

To enhance the system output capability, the parameters of the magnetic coupling
structure need to be optimized to achieve a larger mutual inductance. To verify the
theoretical results in the previous section from the experimental view, combined with
the actual structural parameters of the planar core, the finite element analysis software
Maxwell is used to simulate and optimize the central bulge ferrite core. Moreover, the
actual structure parameters of the planar core are shown in Table 1.

Table 1. Actual structure parameters of planar core.

Structure Parameters Size/mm

The total thickness of magnetic coupling structure (H) 10
Core radius (Rm) 60

Transmission distance (d) 24
Coil outer diameter (R) 60
Coil inner diameter (r) 10

According to the design requirements of laboratory prototype, the selection of radio
transmission distance d = 24 mm is fixed in the design. In the early design work, the
parameter characteristics of different material, the shape of magnetic core, and the ability
to resist horizontal migration were comprehensively considered. The volume limit of the
prototype was also taken into account. In this design, the final material was PC95 ferrite and
the circular magnetic core with a radius of 60 mm. Considering the influence of magnetic
core thickness on mutual inductance and coupling coefficient, as well as the factors such as
volume limitation and production cost, the final thickness of the magnetic core is selected
as 10 mm. Considering the influence of coil wire diameter on self-inductance, mutual
inductance, coupling coefficient, rated current, etc., the final coil adopts Leeds wire of
150 strands/turns, and the wire diameter is 1.7 mm. In this study, the layer number, outer
diameter, inner diameter, and other parameters of the coil will be carefully optimized,
because these parameters will have an important impact on the mutual inductance and
coupling coefficient of the system, and then affect the effect of the raised magnetic core
proposed in this study to improve the efficiency of the wireless power supply device.
Taking into account the volume constraint of the prototype, the optimization range of the
coil layer is 1–3 layers, the optimization range of the outer diameter is 0–60 mm, and the
optimization range of the inner diameter is 0–40 mm. Next, we will choose a simple and
practical optimization method to realize the design of the parameters such as the number
of layers, outside diameter and inside diameter of the coil.

First, the number of winding layers of the coil is simulated and optimized. In the case
where the coil is wound around 1 layer, 2 layers, and 3 layers, the mutual inductance of the
magnetic coupling structure is simulated and analyzed, respectively, and the results are
shown in Table 2 (in this paper’s simulation and physical verification, 150 shares of Litz
copper wire are used, and the wire diameter is 1.7 mm).

It can be seen from Table 1 that when the coil is wound only around one layer, the
height of the intermediate is small, and the internal resistance of primary and secondary
coils is small, but mutual inductance is significantly lower than that of the multi-layer coil,
so that the transmission capacity and efficiency of the whole system are low. When the coil
is wound around the three layers, although the mutual inductance is higher than that of
the two-layer coil, the internal resistance of the two coils will increase sharply, which is still



Energies 2021, 14, 5111 11 of 19

not conducive for the efficiency improvement. Thus, when the coil is wound around two
layers, the transmission capacity and efficiency of the system are better.

Table 2. Mutual inductance under different coil layer.

Coil Layer L1/uH L2/uH M/uH k

1 94.4490 94.4205 48.5675 0.5143
2 357.7960 357.5945 173.1404 0.4840
3 772.4861 772.4096 353.3836 0.4575

Select two layers (h = 3.4 mm) as the optimized parameters, and under this condition,
the changes of mutual inductance with R and r are shown in Figure 7.

It is obvious from Figure 7 that the mutual inductance M increases steadily with the
increase of the outer diameter R; when R is small, M decreases with the increase of the
inner diameter r. When R is larger, the M increases at first and then decreases with the
increase of r. Therefore, to obtain a higher M, the maximum outer diameter R = 60 mm
is chosen. Under this circumstance, when 0 < r < 12 mm, M increases as r increases;
when r = 12 mm, the maximum value is 183.3944 uH, when r > 12 mm, M decreases
as r increases. In summary, according to the finite element simulation results and actual
situation, the optimized parameters are shown in Table 3.
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Figure 7. Changes of mutual inductance with R and r.

Table 3. Optimized parameters of the proposed core.

Optimized Parameter Size/mm

The total thickness of magnetic coupling structure (H) 10
Core radius (Rm) 60

Height of intermediate bulge (h) 3.4
Transmission distance (d) 24

Coil outer diameter (R) 60
Coil inner diameter (r) 10

4. Simulation Comparison

To verify the effectiveness of the proposed core in enhancing the mutual inductance,
3D models of the proposed core and the planar core are built in Maxwell. In the simulation
and experimental verification, we set the core material as PC95 ferrite. Leeds lines with
a diameter of 1.7mm and 150 strands/turns were used. The selected parameters of the
proposed core are shown in Table 3. Moreover, to make the comparison result convincing,
the structural parameters of the planar core used in this paper are listed in Table 4.
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Table 4. Structural parameters of the planar core.

Structure Parameter Size/mm

Total thickness of magnetic coupling structure (H) 10
Core radius (Rm) 60
Coil thickness (h) 3.4

Transmission distance (d) 24
Coil outer diameter (R) 60
Coil inner diameter (r) 10

Figures 8 and 9 show the distribution of magnetic field and magnetic lines of force
under the same conditions for two magnetic coupling structures.

(a) (b)

Figure 8. Comparison of two magnetic coupling structures’ magnetic field distribution: (a) Magnetic field distribution of
planar core; (b) Magnetic field distribution of proposed core.

(a) (b)

Figure 9. Comparison of two magnetic coupling structures’ magnetic line of force: (a) Magnetic line of force of planar core;
(b) Magnetic line of force of the proposed core.

It can be seen from Figures 8 and 9 that the magnetic coupling structure using the
proposed core has greater magnetic field intensity than that using planar core and the
magnetic line of force is denser. It is clear from the comparison that due to the effective
utilization of the remaining space, the proposed core can effectively enhance the magnetic
field between the primary and secondary side. The magnetic leakage is reduced, thereby
the mutual inductance can be enhanced and the goal of improving system transmission
efficiency can be achieved.

The conditions of mutual inductance M when transmission distance and the lateral
misalignment change are simulated through the finite element simulation model of the
two magnetic coupling structures and the results are shown in Figure 10.

As shown in Figure 10, the curve indicated by the dot indicates the mutual inductance
of the magnetic coupling structure with the proposed core, and the curve indicated by
the triangle indicates the mutual inductance of the magnetic coupling structure with the
planar core. As shown in Figure 10a, as the transmission distance increases, the mutual
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inductance of the two magnetic coupling structures decreases, but the mutual inductance
of the magnetic coupling structure with the proposed core is always greater than that of
the magnetic coupling structure with the planar core. Moreover, this advantage is more
obvious in the case of short distance transmission. As shown in Figure 10b, as the lateral
misalignment increases, the mutual inductance of the two magnetic coupling structures
decreases, but the mutual inductance of the magnetic coupling structure is always greater
than that of magnetic coupling structure with planar core, which means that the proposed
core has the better anti-misalignment capability.

(a) (b)

Figure 10. Comparison of two magnetic coupling structures’ magnetic line of force: (a) Curves of M
when transmission distance changes; (b) Curves of M when lateral misalignment changes.

5. Experimental Verification

To verify the theory and simulation results obtained in Sections 3 and 4, the physical
models of the planar and proposed core are made as shown in Figures 11 and 12.

(a) (b)

Figure 11. Prototype of planar core: (a) Prototype of the single planar core; (b) Prototype of the
planar core with coil.

First, the mutual inductance’s curves with transmission distance and lateral misalign-
ment are measured when magnetic coupling structures are not connected to the whole
system, and the results are indicated in Figure 13.

It can be seen from Figure 13 that for the single magnetic coupling structure, the pro-
posed core can greatly improve the mutual inductance of the magnetic coupling structure,
which also verifies the results of the theoretical analysis and simulation. Furthermore,
Figure 13 compares the curves of mutual inductance with wireless power transmission
distance and lateral migration of the two magnetic coupling structures measured exper-
imentally and obtained using FSM. As can be seen from the figure, there is only a slight
difference between the curves measured by the experiment and the curves obtained by the
simulation, which is mainly caused by the complexity of the experimental environment
and the device and the imperfection of the simulation. However, the experimental curve
and simulation curve are basically the same in terms of variation trend and variation range,
which fully proves the correctness and validity of the above theory and simulation analysis.
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(a) (b)

Figure 12. Prototype of the proposed core: (a) Prototype of the single proposed core; (b) Prototype of
the proposed core with coil.

(a) (b)

(c) (d)

Figure 13. Comparison of two magnetic coupling structures’ magnetic line of force: (a) Curves of
M when transmission distance changes in simulation; (b) Curves of M when lateral misalignment
changes in simulation; (c) Curves of M when transmission distance changes in the experiment;
(d) Curves of M when lateral misalignment changes in the experiment.

Then, the two magnetic coupling structures are, respectively, connected to the WPT
system for experimental verification of the transmission efficiency.The prototype of the
wireless power transfer device is shown in Figure 14. The power supply provides a 28 V
DC voltage.

After accessing the power transmitting terminal, energy is wirelessly transmitted to the
power receiving terminal and then connected to the load. Wherein, the power transmitting
and receiving terminal is fixed on the bracket capable of adjusting the transmission distance.

Figure 15 shows the curves of transmission efficiency at several different load levels
when the two types of magnetically coupled structures are accessed to a WPT system,
respectively.

It can be seen from Figure 15 that, compared with the WPT system with planar
core, the efficiency of the WPT system with the proposed core is significantly improved
in terms of effective transmission distance, and their variation trend with the distance
curve is the same. Furthermore, the transmission efficiency of the WPT system with the
proposed core shows a considerable advantage over long distances. When the load is
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19.5 Ω, the maximum transmission efficiency of the system can be increased to 73.5% and
the maximum efficiency improvement rate is 23.3%, the experimental results are basically
in line with the preliminary expectations of theoretical analysis and simulation.

Figure 14. Prototype of the wireless power transfer device.

Figure 15. Curves of transmission efficiency at different load levels.

However, we also noticed that when the load resistance is large, the transmission
efficiency decreases with the decrease of the distance before the maximum efficiency is
achieved, and even the transmission efficiency of the proposed core becomes lower than
that of the planar core. This is not consistent with the results of theoretical analysis and
simulation. For this question, we make the following explanation:

1. The theoretical analysis does not consider the case where the impedance mismatch
causes the input impedance to increase. In case of short-distance transmission, the
WPT system works in the over-coupled region and there is frequency splitting.

2. The self-inductance and mutual inductance of the magnetic coupling structure are
increased with the proposed core, but the compensation capacitance of the system
does not change, which leads to system mismatch, resulting in the first half of the
efficiency drop, and the best matching point is shifted.

3. The theoretical analysis and simulation does not include the core loss of the core. Due
to the increase in the volume of the core portion, the magnetic loss of the magnetic
coupling system may increase, resulting in a decrease of efficiency in the first half.

Figure 15 shows the curves of transmission efficiency during lateral misalignment in a
WPT system with two types of cores at the load of and transmission distance of 30 mm.

It can be seen from Figure 16 that when the lateral offset is small, there is almost no
difference between the transmission efficiency of the WPT system with two cores, but
the WPT system with the proposed core exhibits a huge advantage in anti-misalignment.
Moreover, this is consistent with the results of theoretical analysis and simulation.

The curves at 50 Ω and 10.5 Ω are shown in Figure 17, respectively. When the load
is 50 Ω, the output power increases with the supply voltage; the system efficiency first
increases, and then decreases with the increase of the power supply voltage. When the
input voltage is 16.6 V, the system efficiency can reach 91.27% and reach the peak. When
the load is 10.5 Ω, the output power also increases with the increase of the supply voltage.
When the input voltage is 93.6 V, the output power can reach 342.6 W; the reason why
the efficiency peak does not appear here is that the peak point of efficiency has not been
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reached. When the power supply voltage is increased, it will appear. However, due to the
aging of the proportional transformer in the experiment and the serious ignition, for the
sake of the safety of the experiment, the pressure experiment is no longer carried out.
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Figure 16. Curves of transmission efficiency during lateral misalignment.

(a) (b)

(c) (d)

Figure 17. Varying supply voltage test system performance: (a) Experimental output power curve of
variable power supply voltage—Load 50 Ω; (b) Experimental system efficiency curve with variable
power supply voltage—Load 50 Ω; (c) Experimental output power curve of variable power supply
voltage—Load 10.5 Ω; (d) Experimental system efficiency curve with variable power supply voltage—
Load 10.5 Ω.

Except for the load of 10.5 Ω and the power supply voltage of 17.3 V, the system
efficiency does not reach 70%, and the system efficiency reaches 70% under other loads and
power supply voltages.
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6. Conclusions

In this paper, a novel structure of the central bulge ferrite core is proposed, which can
effectively increase the mutual inductance of the magnetic coupling without increasing the
size of the WPT system, thereby significantly improving the power transmission efficiency.
The improved mathematical models to calculate the mutual inductance of the planar core
and the proposed central bulge core are established, and the Fourier–Bessel transform is
used to analyze the boundary conditions of the magnetic field. It is concluded that the
mutual inductance of the proposed central bulge core is greater than that of the planar core
theoretically. In addition, this paper uses the finite element simulation software Maxwell to
optimize the proposed core’s structure parameters to achieve better performance. Finally,
a prototype test is set up for experimental verification. The experiment proves that the
central bulge ferrite core is superior to the planar core in terms of power transmission
distance and has higher tolerance in misalignment. The case study shows that when the
system load is 19.5 Ω, the maximum power transmission efficiency of the system can be
increased to 73.5%, with a maximum efficiency improvement rate of 23.3%.
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Appendix A

Formulas (A1)–(A11) are the boundary conditions of the model mentioned in Section 2.2.1.

A1,2,3,4,5(a, z) = 0 (A1)

A(1)
2 (a1, z) = A(2)

2 (a1, z) (A2)

1
µr

{
∂(r)A(1)

2
∂r

}
r=a1

=

{
∂(r)A(2)

2
∂r

}
r=a1

(A3)

A1(r, b3) = A2(r, b3) (A4)

{
∂A1

∂z

}
z=b3

=


1
µr

{
∂A2

∂z

}
z=b3

, 0 ≤ r ≤ a1

{
∂A2

∂z

}
z=b3

, a1 ≤ r ≤ a

(A5)

A2(r, b2) = A3(r, b2) (A6)



Energies 2021, 14, 5111 18 of 19

{
∂A3

∂z

}
z=b2

=



1
µr

{
∂A2

∂z

}
z=b2

, 0 ≤ r ≤ a1

{
∂A2

∂z

}
z=b2

, a1 ≤ r ≤ a

(A7)

A3(r,−b2) = A4(r,−b2) (A8)

{
∂A3

∂z

}
z=−b2

=



1
µr

{
∂A4

∂z

}
z=−b2

, 0 ≤ r ≤ a1

{
∂A4

∂z

}
z=−b2

, a1 ≤ r ≤ a

(A9)

A4(r,−b3) = A5(r,−b3) (A10)

{
∂A5

∂z

}
z=−b3

=



1
µr

{
∂A4

∂z

}
z=−b3

, 0 ≤ r ≤ a1

{
∂A4

∂z

}
z=−b3

, a1 ≤ r ≤ a

(A11)

Formulas (A12)–(A20) represent an analytical expression of magnetic vector A in the
relevant region based on the method of separating variables

A1(r, z) = JT
1 (r)P−1e−(z−b4)PC1 (A12)

A2(r, z) =
[

FT
1 (r)

GT
1 (r)

]
0≤r≤a1
a1≤r≤a

·Q−1
1

[
e−(z−b3)Q1 C2 + e(z−b3)Q1 D2

]
(A13)

A3(r, z) = JT
1 (r)P−1[e−(z−b2)PC3 + e(z−b2)PD3] (A14)

A4(r, z) =
[

FT
2 (r)

GT
2 (r)

]
0≤r≤a2
a2≤r≤a

·Q−1
2

[
e−(z−b1)Q2 C4 + e(z−b1)Q2 D4 + K(z)

]
(A15)

A5(r, z) = JT
1 (r)P−1[e−(z+b1)PC5 + e(z+b1)PD5] (A16)

A6(r, z) =
[

FT
2 (r)

GT
2 (r)

]
0≤r≤a2
a2≤r≤a

·Q−1
2

[
e−(z+b2)Q2 C6 + e(z+b2)Q2 D6 + K(z)

]
(A17)

A7(r, z) = JT
1 (r)P−1[e−(z+b3)PC7 + e(z+b2)PD7] (A18)

A8(r, z) =
[

FT
1 (r)

GT
1 (r)

]
0≤r≤a1
a1≤r≤a

·Q−1
1

[
e−(z+b4)Q1 C8 + e(z+b4)Q1 D8

]
(A19)

A9(r, z) = JT
1 (r)P−1e(z+b4)PD9 (A20)
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