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Abstract: Wireless power transfer is a widely applied technology whose market and application
areas are growing rapidly. It is considered to be a promising supplement to the conductive charg-
ing of electrical vehicles (EVs). Wireless charging provides safety, convenience, and reliability in
terms of mitigating issues related to wiring, risk of tearing, trip hazards, and contact wear inher-
ent to the conductive charging. A variety of coil structures have been researched for EV charging
applications; however, most of them were of the symmetrical type. This work analyzes systems
of coils possessing ferromagnetic backing with non-symmetrical geometries and compares them
with the conventional symmetrical ones. Numerical FEM simulation was applied in the research.
The numerical models were verified analytically and experimentally. The impact of air-gap length,
longitudinal displacement, number of turns, and width of the ferrite bars on coupling factor was
investigated. The results suggest that coil systems with non-symmetrical structures of ferromagnetic
backings are a good alternative to the conventional symmetrical structures for wireless electrical
vehicle charging applications.

Keywords: electric vehicles; charging; wireless power transfer; ferromagnetic backings; coupling
coefficient; finite element analysis

1. Introduction

Wireless charging is a beneficial technology, removing the usage of cables and connec-
tors, which finds its place in many practical application areas such as consumer electronics,
medicine, healthcare, automotive, industrial, communications, aerospace, and defense
industries. The wireless charging market is valued in the range of USD multi-billions and
is expected to experience massive growth in this decade [1]. The growth is determined by
the boost of the battery-powered devices market [1,2] and the development of methods
and materials assuring high efficiency and affordability of the technology [3,4]. After start-
ing from relatively low-power application areas such as consumer electronics, medicine,
communications, and sensing, wireless charging also has spread towards high-power ap-
plications [5–7]. A huge potential for high-power wireless charging technology is found in
automotive applications, especially for electric vehicle battery charging. As climate change
demands that we switch to environmentally friendly technologies, vehicle manufacturers
shift their focus from conventional internal-combustion-engine-powered vehicles towards
electric ones [8]. The rapidly growing number of electrical vehicles demands widespread
and handily applicable EV charging infrastructure development, correspondingly [9]. In
addition to the primary purpose of EV batteries, to store energy for their operation, together
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with acting as financially motivating tools, they are considered to be an additional tool help-
ful for the power balancing of electrical power systems [10–12]. Along with conventional
conductive AC charging or DC off-board charging [13], wireless power charging appears to
be an additional desirable option [14]. The nature of wireless chargers, allowing easy and
safe [15,16] connection and disconnection from the power network, is compatible with the
users’ demands. Consequentially, the topic of wireless power transfer among researchers
has recently been experiencing a renaissance.

One of the critical parameters determining the efficiency and power transfer capability
of a WPT system is the coupling coefficient of the coupling coils [17]. In EV charging
applications, the system must be capable of transferring high power with high efficiency
through relatively large air-gaps [18]. Therefore, the analysis of the coupling coefficient
of the coils’ systems is receiving researchers’ attention. A recently published wireless
transferred power measurement method’s error exhibited a dependence on the coupling
coefficient, confirming its maximization benefits for accurate metering [19]. An optimization
of the design is presented with respect to the coupling coefficient maximization of coil
systems for EV charging applications by applying the finite element method in [20]. The
focus of this work is set on research on ferrite saturation and its thickness optimization. A
comparison of self and mutual inductances, as well as coupling factors of coils with circular
and square geometries based on FEM analysis, is presented in [21]. The work presents
an analysis of coreless structures, and core-based structures with and without aluminum
shielding. However, different shape coupling systems with different numbers of ferrite
bars and just the coil systems with symmetrical designs are compared in [21]. A method
for magnetic structures for roadway WPT (Wireless Power Transfer) systems is proposed
in [22]. The method is based on the simplified 2D finite element analysis of the coil systems.
In [17], the influence of coil misalignment on coupling coefficient, mutual inductance,
and quality factor, as well as the influence of the geometry of ferromagnetic backings on
coupling coefficient, was investigated for the system of coils consisting of two identical
circular coils. In [23], authors presented an analysis of the impact of coil misalignment on
the coupling factor of coreless circular, square, rectangular, and DD coil systems.

As receiver coils are mounted on vehicles in EV charging applications, their design
is more demanding, considering weight and volume. A higher freedom for the design
of transmission coils could be utilized to achieve higher coupling coefficient and quality
factors of the systems. Therefore, such non-symmetrical coil structures could potentially
be promising for wireless EV charging applications. This work focuses on an analysis
of coil systems with non-symmetrical structures of ferromagnetic backing, compared to
conventional, symmetrical ones.

The rest of the paper is organized as follows. An analytical analysis of the coil-to-coil
efficiency of the WPT system and the impact of the coupling coefficient on the efficiency is
discussed in the following Section 2. The developed FEM model applied for the research
and its core implementation details are presented in “Materials and Methods”, Section 3.
The verification of the model by applying experimental and analytical approaches is given
in “Model Verification”, Section 4. The obtained results are provided and discussed in
the “Results”, Section 5. An overview and summary of the results are presented in the
“Discussion”, Section 6. Conclusions are drawn in the “Conclusions”, Section 7.

2. Coupling Coefficient and Efficiency of a WPT System

A WPT system usually is designed and optimized considering its efficiency, power
transfer capability, and sensitivity to coil misalignments [14,24,25]. The efficiency is one
of the key parameters of a high-power WPT system and can be analyzed analytically
according to an equivalent scheme of the WPT system (Figure 1). The equivalent scheme is
presented in Figure 2.
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The operation of the circuit is described analytically by the set of equations according
Kirchhoff’s voltage law: Vp = Ip

(
jωLp − 1

jωCp
+ Rp

)
+ IsjωM,

Vm = Is

(
jωLs − 1

jωCs
+ Rs

)
+ IsRAC,

(1)

where Vp is the primary (source) voltage, Ip and Is are currents of the primary and secondary
coils, Rp, Rs, Lp, Ls are the resistances and inductances of the primary and secondary coils,
Cp, Cs are the capacitances of primary and secondary compensation capacitors, respectively,
M is the mutual inductance, ω is the angular frequency, and Vm is the voltage induced in
the secondary coil Vm = −jωMIp, while RAC is the load resistance, representing the EV
battery, seen from the AC side of the secondary (receiving) coil (Figures 1 and 2) [26].

RAC =
8

π2 Rbat =
8

π2 × Vbat
Ibat

. (2)

Coil-to-coil efficiency (the inverter and rectifier losses excluded), expressed from the
set of Equation (1) is [27]

η =
PL
P1

=
ω2M2RAC

Rp

(
(Rs + RAC)

2 +
(

ωLs − 1
ωCs

)2
)
+ ω2M2(Rs + RAC)

. (3)

As can be seen from this equation, coil-to-coil efficiency is a complex function of
the coils’ resistances, secondary side reactance (if not fully compensated), angular fre-
quency, load resistance, and mutual inductance. Considering the relationship of the mutual
inductance M and the coupling coefficient k,

k = M/
√

LpLs, (4)

the efficiency could be expressed as a function of the coupling coefficient:

η =
PL
P1

=
ω2k2LpLSRAC

Rp

(
(Rs + RAC)

2 +
(

ωLs − 1
ωCs

)2
)
+ ω2k2LpLS(R2 + RAC)

. (5)
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The optimal load is found by differentiation of the expression (5) with respect to RAC
when the secondary side inductance is fully compensated ωLs − 1

ωCs
= 0. The expression

of the optimal load resistance is [28]

RAC,opt = Rs

√
1 + k2QpQs, (6)

where Qp and Qs are the quality factors of the primary and secondary coils, respectively.
The maximum achievable coil-to-coil efficiency according to [28] is

ηmax =
k2QpQs(

1 +
√

1 + k2QpQs

)2 . (7)

The batteries represent the dynamic loads. Therefore, the resistance RAC depends on
the operating point of a charging circuit. The DC/DC converters together with control
circuits are applied to match the optimal one [29]. They assure the maximum efficiency
with respect to the load in the particular state. The maximum achievable coil-to-coil
efficiency, corresponding to the optimal load, depends on the coupling coefficient and the
quality factors of the coils (7). To achieve the largest efficiency, these parameters must be
maximized [30–33].

3. Materials and Methods

The research was carried out by using the finite element method (FEM). COMSOL
Multiphysics version 6.1 software was used for the simulations. Three-dimensional geom-
etry was used in the study. It enabled us to develop a comprehensive model and depict
geometry in detail. The magnetic field interface was used in the simulations. The interface
is based on Maxwell’s equations, formulated using the magnetic vector potential [34]. The
geometry of the coil systems was implemented in COMSOL directly, using the geometric
primitives and geometry operations. A parametrically defined model was developed. It en-
abled fast and easy manipulations with geometry and allowed us to perform the parametric
sweep calculations. The models of the coil systems were encapsulated by an enclosing
boundary block, the surface of which was forced to satisfy the magnetic insulation condi-
tion. The “Air” material, available in the built-in COMSOL Material library, was used to
define properties of the space inside the block, while the “Copper” material was used to
define material properties of the coils. The M33 (MnZn) soft ferrite material was chosen for
the ferromagnetic backings [20].

The study applied for the simulations consists of two steps. Coil Geometry Analysis is
a preprocessing step for the current flow assessment in the 3D model coils. The main step is
the frequency domain study w. The excitation frequency used in the study was f = 85 kHz.
The operation frequency of WPT systems for EV charging applications is determined by
Recommended Practice (RP) J2954 of the Automobile Engineers Society (SAE) [35,36]. The
nominal operating frequency is f = 85 kHz (the tuning band is from 81.38 to 90 kHz).

The list of the main parameters and their values applied in the simulations is presented
in Table 1.

Table 1. List and values of the main parameters applied in the simulations.

Parameters,
Units Meaning Value

Rout (cm) Outer radius of the coils 25
Rin (cm) Inner radius of the coils 11, *

Rcond (mm) Radius of the conductor’s cross-sectional area 2.7
N (1) Number of turns 15, *

lgap (cm) Air-gap length between the coils 17, *
f (kHz) Driving frequency 85

h f e (mm) Thickness of the ferromagnetic plates or bars 8
w f e (cm) Width of the ferromagnetic bars 2, *
ldispl (cm) Longitudinal displacement of the coils 0, *

* Varies in particular analysis.
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4. Model Verification

The accuracy of an FEM model is determined by various factors including the im-
plemented geometry, meshing, boundaries of the model, applied material models, etc.
Two approaches for the validation of the developed FEM model were used: comparison
with the results obtained by the analytical method and the experimental validation. Both
models of the coils (circular and square topologies), without Fe backings, were validated
using the analytical approach. The dimensions of the coils in this case were proper for EV
charging applications. The experimental approach was used for the validation of the model
with the ferrite backings; however, the size of the coils applied in the physical experiment
was significantly smaller. Since the parametric approach was used in the FEM model
development, it was scaled to these lower dimensions just by adjusting the corresponding
parameters, without any additional changes made in the model itself.

The self and mutual inductances of the circular coils (Figure 3) for the analytical
verification of the FEM model were calculated using the expressions presented in [37].
The self-inductances of the circular coils were calculated using the numerical form of the
following expression [37]:

L =
µ0

4π

Φx

0

ζ((acos φ1 − y1)(acos φ2 − Y2) + (asin φ1 + x1)(asin φ2 + X2))dφ1dφ2, (8)

where
ζ =

1√
(X2 − x1)

2 + (Y2 − y1)
2 + g2

, (9)

and a = δ/(2π), Φ = 2πN, x1 = (Rin + aφ1)cos φ1, y1 = (Rin + aφ1)sin φ1,
X2 = (Rin + aφ2)cos φ2, Y2 = (Rin + aφ2)sin φ2, g = e−1/4Rcond, µ0 = 4π·10−7 H/m
is magnetic constant, Rin is the inner radius of the coil, N is the number of turns, Rcond is
the radius of the conductor, δ = 2Rcond + lgap is the screw pitch, i.e., distance between the
centers of the adjacent turns, and lgap is the air-gap length between the adjacent turns.
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The mutual inductances between the coaxially positioned circular coils, having the
same geometrical shape, were calculated using the numerical form of the following expres-
sion [37]:

M =
µ0

4π

∫ Φ1

0

∫ Φ2

0
χ((acos φ1 − y1)(acos φ2 − Y2) + (asin φ1 + x1)(asin φ2 + X2))dφ1dφ2, (10)
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where
χ =

1√
(X2 − x1)

2 + (Y2 − y1)
2 + h2

air

, (11)

And hair is the distance between the coils.
The comparisons of the results obtained by the developed numerical FEM model and

by the analytical expressions (8) and (10) for varying numbers of coil turns are presented
in Figure 4. In the verification analysis, the outer radius of the coils was kept constant at
Rout = 0.25 m. The inner radius of the coils Rin was recalculated for each case considering
the corresponding number of turns N as follows:

Rin = Rout −
(

N2Rcond + (N − 1)lgap
)
. (12)

where the conductor diameter Rcond = 2.7 mm, and the air-gap length between the adjacent
turns lgap = 4 mm were constant parameters.
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The self and mutual inductances of the square planar coils (Figure 5) were calculated
analytically using the expressions presented in [23]. The self-inductances of the square coils
were calculated according to the Wheeler formula for square coils [38]:

L = 2.34µ0
N2davg

1 + 2.75ρ′
, (13)

where davg is average diameter of the coil:

davg = Rin + Rout, (14)

and ρ′ is the fill ratio:

ρ′ =
Rin − Rout

Rin + Rout
. (15)

The mutual inductance between the coaxially positioned coils of the same geometrical
shape were calculated by applying the following expression [23]:

M =
2N2µ0

1 + 2.75ρ′

(
davgln

(
davg + b
davg + x

× b
h

)
+ (x − 2b + h)

)
, (16)

where b =
(

davg
2 + h2

)1/2
, and x =

(
2davg

2 + h2
)1/2

.
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two identical Würth Elektronik 400 W planar circular wireless power transfer coils [39], 

Figure 5. FEM model geometry of the planar square coils: (a) geometry for the mutual inductance
calculation; (b) the main parameters of the coils.

The comparison of the results obtained by the numerical FEM model and the analytical
calculations obtained by applying (13) and (16) are presented in Figure 6. The results
presented in Figures 4 and 6 show the adequacy of the FEM model. The slightly higher
differences obtained for the case of the square coils could be explained by the fact that the
applied analytical model in this case is less detailed, in comparison to the circular coil case,
as the former one does not consider the diameter of the windings.
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The FEM model (Figure 7a) was additionally verified experimentally by applying two
identical Würth Elektronik 400 W planar circular wireless power transfer coils [39], in this
case with ferrite backings. Experimentally, the values of mutual inductance between the
coils were obtained by applying the following procedure. The primary and secondary coils
were connected in series at first in aiding and then in opposing ways. The total inductances
of the coil system in each case were measured by applying an impedance analyzer. In
the aiding case, the total inductance of the coil system could be expressed as the sum of
self-inductances of the coils plus double mutual inductance:

L′
T = Lp + Ls + 2M, (17)

where Lp and Ls are the self-inductances of each coil.
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Lithuania) coils. (b) Experimental setup: (1) impedance analyzer “Wayne Kerr 6500B”, (2) coils Würth
Elektronik 400 W WPT, (3) coil holder.

In the opposing case, the total inductance of the coil system equals the sum of self-
inductances minus double the mutual inductance:

L′′
T = Lp + Ls − 2M. (18)

The mutual inductance could be expressed by subtracting (18) from (17) and leads to
the following expression:

M =
L′

T − L′′
T

4
, (19)

which was applied for the experimentally obtained mutual inductance calculation. The
comparison of the results obtained by the FEM model and experimentally is presented in
Table 2.

Table 2. Comparison of the results obtained by the FEM model and the results obtained experimentally.

Air-Gap
(cm)

M (µH)
FEM Results

M (µH)
Experimental Results Error

2 1.70 1.72 1.54 (%)
3 0.903 0.925 2.31 (%)
4 0.509 0.532 4.34 (%)
5 0.308 0.324 4.97 (%)

The “Wayne Kerr 6500B” (Wayne Kerr Europe GmbH, Iserlohn, Germany) impedance
analyzer was used for the measurement of the inductances. A view of the applied experi-
mental setup is presented in Figure 7b. To assure the particular required distance between
the coils, coil holders made by a 3D printer were used.

The physical experiment, as well as the analytical verification, confirmed the adequacy
of the FEM model.

5. Results

It is well-known that ferromagnetic (ferrite) cores or backings are often used in designs
of coil systems to maximize the coupling between the coils. The coil systems for WPT are no
exception. The impact of the ferrite backing design on the coupling coefficient of the WPT
coils was investigated in this study. The conventional, symmetrical systems without ferrites,
with the planar ferrite cores, the cores made from ferrite bars, and the non-conventional,
asymmetrical systems were considered. The latter structures are potentially beneficial for
automotive applications, because of the different requirements for each coil of the system.
A minimization of the weight and size of the coil mounted on vehicle is crucial, while the
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stationary case is less demanding in the latter sense. We investigated two types of such
coil systems with non-symmetrical structures. The first one consists of one coil with a
planar ferrite backing, and the second coil lacks a ferrite backing (Figure 8). The second
investigated structure consists of one coil having a planar ferrite backing and the second
coil having a backing made from ferrite bars (Figure 9). The symmetrical coil structures
with ferromagnetic bars (Figure 10), with ferromagnetic plates (Figure 11), and without any
ferromagnetic cores (Figure 12) were analyzed as well. Two geometries of the coils, circular
and square, with the mentioned core structures were investigated.
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5.1. Impact of Air-Gap Length on Coupling Coefficient

The FEM simulations were accomplished for different air-gap lengths in the range of
10 ÷ 25 cm, which encompass Z Class 1 ÷ Z Class 3 classes according to SAE J2954 [35].
The results for the coil systems having circular and square geometries are presented in
Figure 13a and Figure 13b, respectively.
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Figure 13. Coupling coefficient vs. air-gap length: (a) circular coils; (b) square coils.
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The results indicate that the dependencies of the coupling coefficient vs. air-gap length
for both circular and square coil systems have similar pattern, but the square coil systems
show a slight superiority over the circular ones. The structures of the coils with cores having
higher ferromagnetic volume produce the higher coupling coefficient values. However,
it comes with the price of increased weight, space, and cost of the system. The structure
composed of one coil with a ferrite plate and one coil with ferrite bars looks promising for
vehicle charging applications.

5.2. Impact of Longitudinal Displacement on Coupling Coefficient for Different Structures of
the Cores

The simulations were performed for the case of the air-gap length of 17 cm, which
corresponds to an average ground clearance of a compact sedan of 17 cm and is close to
the average clearance of a typical sedan (16.5 cm) or a hatchback (16.8 cm). The other
parameters of the coils (Figure 14) are presented in Table 1. The results are presented in
Figure 15.
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Figure 15. Coupling coefficient vs. longitudinal displacement: (a) circular coils; (b) square coils.

The results show that the coil structures having cores with higher volume or ferrite
exhibit higher sensitivity to the horizontal displacement. It is valid for both circular and
square-type coils. At the particular displacement, coils with the cores having higher volume
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of ferrite produce lower coupling coefficient values. Again, here the coil structures having
square-type geometry show superiority over the circular ones.

5.3. Impact of Number of Turns on Coupling Coefficient for Different Structures of the Cores

The simulations were performed for the case of the air-gap length of 17 cm. The other
parameters of the coils (Figure 16) are presented in Table 1. The results are presented in
Figure 17.
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Figure 17. Coupling coefficient vs. number of turns: (a) circular coils; (b) square coils.

The results show that the higher number of turns determines the higher coupling
coefficient values just in the lower range of the number of turns. From a particular point,
the increase in the number of turns does not produce growth of the coupling coefficient.
The highest sensitivity here shows the coil structures with ferrite bars for both circular and
square-type geometry cases.

5.4. Impact of Width of the Ferrite Bars on Coupling Coefficient of Coil Systems with Bar–Plate
Core Structure

The simulations were performed for the case of the air-gap length of 17 cm. The other
parameters of the coils (Figure 18) are presented in Table 1. The results are presented in
Figure 19.
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Figure 18. Geometry of the square coils: (a) width of the Fe bars 2 cm; (b) width of the Fe bars 4 cm.
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The results show that the dependencies of the coupling coefficient vs. width of the bars
have a nearly linear relationship in the considered range. It is valid for both circular and
square-type geometries. Predictably, the higher coupling coefficient values are produced
by the coil structures which have backings with higher ferrite volume.

6. Discussion

The results show that the dependencies of the coupling coefficient vs. air-gap length
of the coils having both circular and square geometries have similar pattern. The structures
of the coils with cores having higher ferromagnetic volume (ferrite) show superiority
considering the coupling coefficient. The results of the investigation of the impact of
longitudinal coil displacement show that the coil structures which have cores with a higher
volume of ferrite show higher sensitivity to the displacement, and from a particular range of
the displacement, even produce lower values of the coupling coefficient. The research of the
impact of the number of turns on the coupling coefficient shows that an increased number
of turns causes higher values of the coupling coefficient only in the lower range of the
number of turns. From a particular point, the increase in the number of turns does not cause
growth of the coupling coefficient. The highest sensitivity is exhibited by the structures
with backings having ferromagnetic bars. The impact of the width of the ferromagnetic
bars on the coupling coefficient shows nearly linear dependencies in the investigated range.
Predictably, the higher coupling coefficient values are produced by the coils having higher
volume of the ferromagnetic backings. In all the considered cases, the coil systems having
square geometry showed noticeable superiority over the circular ones with respect to the
coupling coefficient value.
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7. Conclusions

The rapid growth of electric vehicles on the roads demands proper attention to the
development of the charging infrastructure. Significant attention of scientists and indus-
try is paid to the development, optimization, and adaptation of wireless power transfer
technology for EV charging applications. Due to its benefits, such as convenience, safety,
and reliability, wireless charging has been recently seen as reasonably complementary to
AC and DC conductive charging for automotive applications. Many studies have been
performed for the analysis and optimization of whole WPT systems or their components.
The analysis of the coil systems is no exception; however, there is a lack of knowledge
about the properties of coil systems having different realizations of the ferrite elements for
the transmitter and receiver coils. Such coil systems for EV charging applications could
be beneficial because they enable the minimization of the weight and size of the on-board
coil. The analysis of such coil systems is presented in this work. The results of the research
imply that the coil systems having non-symmetrical structures of the ferromagnetic back-
ings could be a good alternative to the conventional symmetrical approaches for wireless
electrical vehicle charging applications. They provide reasonable values of the coupling
coefficient with reduced weight and size of the coils mounted on a vehicle. The compromise
between the weight, size of the coil mounted on the vehicle, and the coupling coefficient of
the coil system for a particular case could be achieved by varying the width of the bars in
the plate–bar backing structure.

The focus of this work was set on the analysis of the coil assemblies of spiral circular
and spiral square shapes. However, coils having other topologies, like double D (DD)
and DD-quadrature (DDQ), have characteristics beneficial for EV charging, especially in
dynamic wireless charging applications. Therefore, future work will target an analysis of
coil systems of the mentioned topologies with non-symmetrical Fe backings.
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