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Abstract. Wireless Power Transfer (WPT) has been drawing a lot of attention in the last ten years parallel
with the market increase in electric vehicles. Although conductive charging methods are still the preferred ones,
WPT-based charging systems are used as clean and flexible alternatives. At the center of these systems are the
transmitting and receiving coils, and different coil types have been proposed in the literature. This study
proposes a square-hexagonal hybrid coil structure to increase magnetic coupling by shaping the magnetic field.
In addition, this design aims to minimize the coupling coefficient variation for misaligned coils which is one of
the most significant problems in WPT systems. A 3D model of the coils was created and analyzed using
ANSYS, Maxwell software. Compared to the conventional square coil structure the coupling coefficient of
the proposed structure is less affected by misalignment on the x and y axes, and as a result, it has a better
efficiency. In addition, a WPT system operating at 50 W, 85-kHz is designed and tested in a laboratory
environment. The FEA analyses and experimental application results largely overlap, and accordingly, the
coil-to-coil efficiency of our WPT system was 93.5% and the overall efficiency of the system was 87%.
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1 Introduction

The transfer of contactless energy through an air gap is
called wireless power transfer (WPT). Because this method
is clean and reliable, it has been proposed for various
applications including electric vehicle battery charging.
Tesla demonstrated the transfer of electrical power from
an air gap via magnetic coupling in the 1890s. Wireless
power transfer studies gained momentum in 1994 when
researchers designed a 60 kW wireless charger that powered
a passenger bus in different modes [1]. The reported
efficiency was approximately 60% at 60 kW output power
for both operating modes. Because high-power transistors
operate in a limited range, the switching frequency is
limited to 400 Hz. In 1994, Boys [2] developed an inductive
power transfer system. The WPT prototype was operated
at 10 kHz at a 500 W output power level.

Research groups have been working on wireless EV
charging from Georgia Tech, New York, Virginia Tech,

Utah State, and other universities [3]. A 4 kW WPT
charger developed and designed an asymmetric coupler to
protect the coupling coefficient from the air gap and
misalignment changes, based on research from Virginia
Tech [4]. A new device for charging different electric car
models was designed by Georgia Tech researchers [5].
Research from New York University has worked on a mul-
tilevel polyphase resonant converter for WPT [6]. The Utah
State’s University Power Electronics Laboratory is imple-
menting a mobile wireless charger project for electric
vehicles and evaluating its environmental and economic
applicability [7]. WPT technology for stationary and porta-
ble charging was developed by Oak Ridge National Labora-
tory (ORNL) [8]. They evaluated the wireless power
transfer technology from many perspectives. The most
important of these are EM exposure to the human body,
power flow control, converter design, and standardization
of the WPT [9, 10].

In WPT design studies, issues such as the correct coil
structure, resonance frequency, power level, and selection
of compensation structure have been discussed. Coils play* Corresponding author: ali.pasaoglu@rumeli.edu.tr

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Science and Technology for Energy Transition 79, 74 (2024)

Available online at:

�The Author(s), published by EDP Sciences, 2024

stet-review.org

https://doi.org/10.2516/stet/2024082

REGULAR ARTICLE

Emerging Advances in Hybrid Renewable Energy Systems and Integration
Muhammad Zakarya, Santosh Tirunagari, Jinguang Han and Peiying Zhang (Guest Editors)

https://orcid.org/0000-0002-6853-1356
https://orcid.org/0000-0002-6853-1356
https://orcid.org/0000-0002-6853-1356
https://creativecommons.org/licenses/by/4.0/
https://www.edpsciences.org/
https://stet-review.org
https://stet-review.org
https://doi.org/10.2516/stet/2024082


an important role in WPT because they employ electrical
energy to create a magnetic flux that enables power transfer
without any electrical connection. Coils are classified into
two types: non-polarized (NPPs) and polarized (PPs) pads.
PPs are multiple coil windings (including DD, DDQ, and
BP) that can generate both parallel and vertical fluxes.
NPPs are single coil windings that can produce only the
vertical components of the flow. Circular, square, rectangu-
lar, pentagonal, and hexagonal coil structures can be classi-
fied under the NPPs category. Circular coils are more
frequently used than other structures. Square and rectangu-
lar structures are suitable for perfectly aligned edges.
Because such coils have sharp corner edges, eddy currents
are produced and the impedance and inductance values
increase. Rectangular coils show more tolerance to misalign-
ment than circular and square coil structures. In [11], rectan-
gular, circular, and hexagonal coil structures were compared
based according to their misalignment states. According to
the results obtained, the hexagonal winding structure gives
the best results in perfectly aligned conditions and can trans-
mit maximum power in this case. However, it was observed
that the rectangular structure yielded better results when
the misalignment ranged from 0 mm to 400 mm [11].

Owing to the poor performance of NPPs in horizontal
alignment, multi-shape coils (PPs) have been proposed.
These shaped coils are suitable for both single and three-
phase applications. The most frequently proposed PP struc-
tures are the DD, DDQ, QDQ, and bipolar BP. Among
these coil structures, the QDQ coil structure exhibits the
best results concerning misalignment, but its disadvantage
is that it is suitable for low- power models [12]. The coil
structure is defined as the QDQ coil four circular coils
surrounded by a rectangular coil structure. The system
exhibits 91.8% efficiency at a misalignment of 0 cm and
78% at a 15 cm misalignment. The Double D polarized pads
consist of two square or rectangular coils. This coil model
can produce a flux in only one direction. The advantage
of this structure is that the amount of leakage flux at the
edge corners is low, and it can cover the horizontal and
vertical magnetic fluxes. This pad may be suitable for trans-
mitting coils in dynamic and stationary applications
because it provides better results in the case of misalign-
ment [13]. The DDQ coil is a different version of the DD coil
and is, capable of producing approximately twice as much
magnetic flux as a circular coil structure. The DD and Q
coils can be used together to improve lateral alignment
problems. It is a good choice as a receiver pad because of
its ability to capture all types of magnetic flux vectors
[14, 15].

Bipolar (BP) pads are composed of coils that are similar
in size. The most important advantage of BP pads over
DDQ pads is their high cost. Approximately 25% to 30%
less copper was used in these coils. Researchers tested a
2-kW WPT system and compared rectangular and circular
coils in the case of angular misalignment. The results show
that circular pads are more efficient [16, 17]. Another study
compared the flux coupling between rectangular and circu-
lar coils and concluded that circular coils showed better
results than rectangular coils [18]. It has been observed that
the magnetic flux height is low in circular coils. A solenoid
coil structure for solving the magnetic flux problem in

circular coils was proposed in [19]. In the design of a
3 kW wireless charging system, researchers reported a good
tolerance (±200 mm) for lateral misalignments with an air
gap of 200 mm. The efficiency of this system has been
reported to be 90% [20]. In [21], a quad coil structure was
proposed where the losses and leakages were very low and
flux production was twice that of a circular coil structure.
Bipolar coils are used and analyzed for three-phase WPT
systems [22]. In the aligned mode, the system transmits
50 kW over a 150 mm air gap with a DC-DC transmission
efficiency of 95%. The authors in [23] proposed a pentagonal
coil structure that is claimed to be less affected by the air
gap change compared to circular and square coils. In [24],
the authors proposed a hexagonal coil structure with
7.7 kW power and 85 kHz frequency. A structure with a
system efficiency of 96.5% is more convenient and has lower
weight compared to circular coils however great care must
be taken in the manufacture of this coil structure.

In this study, a square-hexagonal hybrid coil structure
was proposed. The designed coil was compared with the
square coil using FEA for both designs. For comparison,
the effect of the air gap change on the coupling coefficient
was examined when the coils were perfectly aligned. Then,
the change in the coupling coefficient was observed with
respect to the misalignment in the x-axis, y-axis, and both
axes while the air gap of the coils was fixed. To observe
the performance of the proposed coil design with a power
electronic circuit, a simulation was performed using ANSYS
Simplorer software. To demonstrate the accuracy of the sim-
ulation results, a 50-W WPT system was implemented in
the laboratory and the experimental results were obtained.

2 Fundamentals of WPT systems

2.1 Basic theory of wireless power transfer

These two laws are used to mathematically explain how
power is transmitted inductively. According to Ampere’s
circuit law, the integral of the magnetic field strength in a
closed area is equal to the net electric current flow in the
closed area [25].

r� ~H ¼ ~J $
I

~H :dl ¼
Z

~J :~ds ¼ I K ð1Þ

where J is the current density [A/m2], IK is the net
current through the region bounded by the closed
path [A], H is the magnetic field strength [A/m]. Faraday’s
law can be written as:

r� ~E ¼ � @~B
@t

$
I

~E:dl ¼ � d
dt

Z
~B dA ¼ emf ð2Þ

where ~E the electric field [V/m], ~B is the magnetic flux
density [T], and A is the area [m2]. Mathematically, the
magnetic flux can be described as follows [25].

/ ¼
Z

BdA ð3Þ
Figure 1 shows the coupling between two simple coils.
When current flows from the primary side, magnetic flux
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occurs on the secondary side. If the current is varying over
time, the flux induces a voltage on the other side. The two
coils were coupled through mutual flux /12.

As the coils are not wound on the same core and the
secondary coil is attached to another body in WPT
systems, there is always an air gap and it is also possible
that the centers of the two coils may not always be aligned
resulting in a change in the mutual inductance between the
coils. The magnetic field and current are proportional to
each other [25]. Therefore, the mutual inductance and
magnetic flux are interconnected.

M 12 ¼ N 1/12

I 2
ð4Þ

In equation (4), the terms N 1, I 2 and /12 are the turns
number for the primary coil, the current induced in the sec-
ondary coil, and the mutual flux respectively. The coupling
coefficient (k) and mutual inductance (M) are expressed as
follows.

k ¼ Mffiffiffiffiffiffiffiffiffiffi
L1L2

p ð5Þ

where L1 and L2 are primary and secondary self-inductance.

2.2 Compensation structures for WPT systems

Choosing the correct compensation topology is crucial for
WPT systems. While determining the type of compensation
topology of the WPT system, the most suitable topology is
selected based on the application, power to be transferred,
distance between the coils, and operation frequency. After
the topology is determined, the capacitance value in the
secondary circuit is first selected depending on the operat-
ing frequency. The secondary coil is compensated to
increase the power transferred to the secondary circuit,
whereas the primary circuit is compensated to increase
the input power factor in the primary coil. To achieve high
efficiency in a wireless power transmission system, we must
work on two parameters. These are the coupling factor
and quality factor [26]. We have four types of compensa-
tion structures.: (SS) [27–29], (SP) [30], (PS) [31] and
(PP) [32].

In this study, the SS was chosen as the compensation
structure [33]. The SS compensation structure is suitable
for EVs because it has two important advantages. First,
the capacitor values on the primary and secondary sides
are independent of the load conditions and M value.

The second advantage is that the impedance reflected in
the secondary coil maintains a unity power factor because
it does not add an imaginary part to the primary coil.
Figure 2 shows the general circuit structure of the SS
compensated WPT. C 1 and C 2 are the primary and
secondary side capacitors, Q1 �Q4 are the semiconductor
switch elements of the inverter, D1 � D4 are the secondary
side full bridge rectifier switching elements. On the primary
side of the WPT general circuit structure, a high-frequency
inverter changes the DC voltage to AC voltage. The square
wave starts a current flow through the SS resonant circuit
and a voltage is induced on the other side.

3 Hybrid square hexagon coil design for WPT
systems

Coil geometry plays a very important role in the efficiency
of WPT systems. WPT designs use different types of coil
shapes such as circular, square, rectangular, pentagonal,
hexagonal [34], and hybrid models to improve efficiency
and misalignment issues. In this study, the square coil
structure and the proposed hybrid square hexagonal coil
structure were compared under perfect alignment and
misalignment conditions.

The inductance values required for a 50 WWPT system
design with 25 V input voltage, 85 kHz operating frequency,
and SS compensation topology were calculated in
MATLAB using the relevant equations. The primary and
secondary coils were identical, the distance between them
was 5 cm and the current density reached a maximum of
4 A/mm2. Parametric optimization procedures were per-
formed using FEA to obtain the mutual and self-inductance
values. For a fair comparison of the two coil structures, the
outer edge lengths and copper amounts were kept the same.
The outer side lengths of the coils were kept equal for the
primary and secondary coils; 200 mm for the square part
and 80 mm for the hexagonal part.

According to the FEA analysis, the square coil structure
should consist of 13 turns, and the square-hexagonal hybrid
structure should consist of 16 turns equally divided between
the square and hexagonal parts. In this case, the total
amount of copper used for the primary and secondary sides
of both structures was calculated to be 15.356 mm3.

To demonstrate the benefits of the proposed coil, square
and square-hexagon hybrid coil structures, were analyzed
under the same conditions. In Figure 3, three-dimensional
(3D) models of the conventional square and proposed
square-hexagonal hybrid coil structures are shown.

Another important parameter to be considered in coil
design that yields the desired power is the coupling coeffi-
cient (k). The effects of variation in the air gap between
the sender and receiver coils, and the misalignment when
the secondary coil moves in x-axis or y-axis direction on
the coupling coefficient were investigated for the two differ-
ent coil models shown below. Figure 4 shows the results for
different air gaps for the alignment of the coils. Figure 5
shows the results for various misalignments in the x-axis
whereas the results for the case of simultaneous misalign-
ment exist both on the x-axis and y-axis in Figure 6.

Figure 1. Current and magnetic field formation in the coils.
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The simulation results show that the coupling coeffi-
cient values of the proposed coil structure and the conven-
tional square coil structure are 0.27 and 0.23, respectively
when the air gap is maintained at 5 cm. This indicated a
17% increase in (k). The benefit of the proposed structure
is also clearly observed when there is a misalignment.

Figure 7 shows the magnetic flux density distributions
of the simulated structures. The flux is concentrated
between the primary and secondary coils in the proposed
coil model, whereas it weakens in the central region for
the conventional structure.

When the analysis results are examined, it is observed
that the proposed coil structure has a better magnetic

Figure 3. 3D model of square and proposed coil structures.

Figure 4. The impression of air gap variation on (k). Figure 5. The effect of misalignment in x-axis on (k).

Figure 2. General circuit structure of SS compensated WPT system.

Figure 6. The effect of misalignment in x and y-axis on (k).

The Author(s): Science and Technology for Energy Transition 79, 74 (2024)4



coupling than the conventional square coil structure. For
this reason, a 50-W WPT system was implemented with
the proposed coil structure, and its performance is exam-
ined in the next section.

4 System design, simulation, and experimental
implementation

In this section, the design, simulation, and application of
the hybrid square hexagonal coil structure, designed in
the previous sections, for a 50-W WPT system are
described. The values for the targeted system are listed in
Table 1. AWG 38 litz wire with a conductor cross-section
of 0.78 mm2 is used for the coils and the coils manufactured
in the laboratory are shown in Figure 8. The L and M
values of the produced coils were measured using an LCR
meter and compared with the results obtained by FEA.
In Table 2, the self and mutual inductance values with
FEA and experimental results are compared. The designed
system is illustrated in Figure 9. The current and voltage
waveforms on both sides are shown in Figure 10.

To prove the accuracy of our FEA and theoretical
calculations, an experiment was conducted in a laboratory
environment. After the coils were wound, 50 W of power
was transferred between the two coils with an air gap of
5 cm. A DC input voltage of 25 V fed the power electronics

inverter board. A TMS0F2812 DSP processor was used to
generate PWM signals. Figure 11 shows the experimental
setup.

The variation in M concerning the air gap is shown in
Figure 12 while the alignment is perfect. As expected, when
the distance was increased, the mutual inductance
decreased. The decrease was initially sharp; almost 40%
at 20 mm. The decrease was moderate at 20 mm.

Figure 7. Magnetic flux density distribution of the a) square
coils, b) proposed coils.

Table 1. Proposed system design parameters.

Parameter Value

Input voltage (V) 25
Output voltage (V) 25
Output power (W) 50
Frequency (kHz) 85
Airgap (cm) 5
Output current (A) 2.5
C1 (nF) 49.72
C2 (nF) 49.72
L1 (lH) 70.19
L2 (lH) 70.19
M (lH) 18.83
QP 3.96
Qs 3.39

Figure 8. Proposed coil structure.

Table 2. Comparison of self and mutual inductance
values with FEA and measurement results.

Method L (lH) M (lH)

Primary Secondary

FEA 70.19 70.19 18.83
Measurement 69.1 69.3 19.2
Error (%) 1.5 1.26 1.92

The Author(s): Science and Technology for Energy Transition 79, 74 (2024) 5



Figure 9. Simulation model of designed WPT system.

Figure 10. Simulation results. a) Primary, b) Secondary.
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Figure 13 shows the effects of misalignment in the x-axis
while the air gap is fixed at 5 cm. The secondary coil is
shifted so that there is an offset between the centers of
the coils of 20, 40, 60, 80, and 100 mm, respectively.

The results of the system when there is misalignment in
both the x and y-axis while the air gap is fixed are shown in
Figure 14. Figure 15 shows the output power measured in
this case. As the results show, although the coupling
decreases as the misalignment increases the power is not
seriously affected.

According to the measurement results, the efficiency
of the proposed WPT structure from the coil to the coil is
93.5%, and the efficiency from the input to the output is
87% due to the losses of the bridge diodes, switching,
and copper losses. capacitors of 50 lF were used as

compensation capacitors on both sides of the resonant
circuit. The currents and voltages on both sides are shown
in Figure 16.

5 Discussion and conclusions

A hybrid coil design is proposed to enhance the magnetic
coupling between the primary and secondary coils and the
misalignment tolerance for all ranges of power applications
of WPT systems. A 3D model of the proposed and conven-
tional square coil designs was created and analyzed using
ANSYS, Maxwell. To perform a fair comparison, some
parameters are considered constant for both designs and
the performance of the designs has been obtained for differ-
ent secondary coil positioning. According to the FEA
results, the proposed hybrid square-hexagonal structure
has a better coupling coefficient value not only for the per-
fectly aligned but also for the misaligned conditions. When
the results are examined, the coupling coefficient value of
the proposed coil structure is 0.27 for the perfectly aligned
condition, while the coupling coefficient value of the con-
ventional square coil structure is 0.23 which means that
the proposed design has a 17% better coupling coefficient
value. To determine the accuracy of the proposed coil struc-
ture, various tests were conducted for a 50-W WPT system
installed in a laboratory environment. As a result of this
application, 93.5% efficiency from coil to coil and 87% effi-
ciency from input to output were obtained.

Figure 11. Experimental setup.

Figure 12. Effect of air gap change on mutual inductance.

Figure 13. Coupling coefficient change as a result of misalign-
ment in the x-axis while.

Figure 14. Coupling coefficient change as a result of misalign-
ment both in x-axis and y-axis while the airgap is fixed.

Figure 15. Output power variation as a result of x-axis
misalignment.
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