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Free Arrangement Wireless Power Transfer System
With a Ferrite Transmission Medium and
Geometry-Based Performance
Improvement

Seoktae Seo”, Hyunkyeong Jo

Abstract—A free arrangement wireless power transfer system
with a ferrite transmission medium and geometry-based perfor-
mance improvement method are introduced here. The proposed
system addresses the efficiency collapse caused by misalignment or
increased distance between the transmitter and receiver coils, that
is, receivers can be located anywhere on the plate-shaped system,
which can be applied to a table, wall, or floor to supply electrical
power as needed. Despite its high cost, ferrite is advantageous over
air as a medium as the latter diminishes the efficiency at a distance
or misalignment. Further, ferrite reduces the transmitter volume
and number of coil turns, which is useful for practical applications.
Skewed-shape coil windings with higher effective mutual induc-
tance than unskewed structures are used in this system to increase
power transfer efficiency. The improvements from the ferrite and
coil-winding geometry are verified through Ansoft Maxwell v14.0
and MATLAB simulations. Four prototypes of the proposed system
are fabricated and validated at 100 kHz. The highest transfer
efficiency at the farthest distance, 55 cm, is 17.5% with the 4-cm-
skewed ferrite structure, whereas no power is delivered beyond
10 cm in air. Consequently, the proposed system achieves wider
power transfer area and better efficiency without additional power
and coil windings while the system complies with the guidelines
provided by International Commission on Non-ionizing Radiation
Protection (ICNIRP) and IEEE for human safety. This article is
accompanied by a demonstrating video.
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I. INTRODUCTION

IRELESS power transfer (WPT) topology, demon-
W strated by Nikola Tesla a century ago [1], solves the
problems associated with using a power cable, namely the limita-
tions of direct connection, device placement, cable replacement
costs, risk of electric shock, and aesthetic point of view. For these
reasons, WPT systems have been widely used in biomedical
implants, electric vehicles, railway vehicles, underwater vehi-
cles, rescue robots, sensor charging, and portable electronics
[2]-[15]. Notably, WPT systems are used to charge mobile de-
vices and provide convenience to those who need to charge these
devices frequently in cases of increased power consumption
due to surges in data usage. The performance of conventional
WPT systems comprising two or four coils with air medium
is, however, severely affected by two main factors: alignment
and distance between the transmitter (Tx) and receiver (Rx)
coils [16]-[18]. When misalignment occurs or charge distance
increases, power transfer efficiency is reduced significantly [16].
Consequently, studies have been conducted to extend the transfer
distance and create a flexible power path beyond the general
structure of WPT systems [16], [19]-[28].

Planar wireless charging platform technologies, which is one
of the solutions of abovementioned problem, can be classified
as: 1) horizontal flux approaches and 2) vertical flux approaches
[22]. In the former, the magnetic flux is generated parallel to the
charging surface and the vertical surface area perpendicular to
the lines of flux is required to obtain power. If the plane of the
vertical surface area is in the same direction of the flux, no energy
is transferred to the Rx coils. Therefore, the vertical surface
requirement (i.e., the requirement of the area perpendicular to
the charging surface) can impose certain impractical restrictions
on the orientation and size of receivers. In contrast, in the vertical
flux approach, multiple receivers can be placed freely. The
Tx coil arrays, however, generate an enhanced magnetic flux
perpendicular to the charging surface, raising safety concerns
owing to the increased specific absorption rate (SAR), which
could harm the human body [29]-[33].

Zhong et al. [16] were the first to propose analysis for a wire-
less power circular domino-resonator system with noncoaxial
axes. As the system involves many domino resonators between
the Tx and Rx coils, it presents advantages with regard to an
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Fig. 1. Expected applications of free arrangement wireless power transfer
system with plate structure.

extensible and a bendable power path. A ball-joint WPT system
has been used to implement an omnidirectional charging path
with ball-shaped movable mechanical parts [28]. However, the
position of the Rx coil was restrictive in both the abovemen-
tioned studies. In circular domino-resonator systems, which
have multiple coils, a particular resonator bears the load to ensure
high efficiency [16]. The ball-joint structure described in [28]
is a mechanical constraint in itself as the ball and socket, where
the coils are embedded, cannot be separated from each other.

Choi et al. [27] suggested using a three-dimensional (3-D)
charging zone to which power is delivered regardless of the
location or direction of the receiver. Air, rather than ferrite, which
is a magnetic material, is used as the medium, and it helps obtain
an economical system with a uniform magnetic field. However,
such an arrangement results in the system having a number of
coil turns compared to the transmission distance; low magnetic
couplings between the Tx and Rx coils, causing very low peer to
peer efficiency; and difficulty in implementation of application
due to large transmitter and receiver volumes.

This article presents a WPT system with a plate-shaped power
transmission medium as a combination of the horizontal and
vertical flux approaches, allowing the receiver to be freely lo-
cated. This system can be applied to a table for charging mobile
devices or to a wall and floor to supply electrical power to home
appliances (Fig. 1). Ferrite in the form of a plate is used as the
power transmission medium in this system. The medium with a
high permeability value concentrates the magnetic field so that
high coupling between the Tx and Rx coils is achieved even
with a small number of coil turns. The WPT system becomes
less sensitive to the alignment between the Tx and Rx coils and
reduces volume occupancy for practical applications because of
its greatly enhanced efficiency due to high coupling. Through a
simulation with finite element analysis (FEA, Ansoft Maxwell
v14.0) and MATLAB software and experimental measurements,
this study verified the improvement in mutual inductance (an
indicator of coupling) and power transfer efficiency when ferrite
is adopted as the medium rather than air. In Section II, the
overall design elements of the proposed system are studied and
determined via analysis and experiments. In Section IL.A, in
detail, the main features of the proposed system, namely the
material of medium, plate-shaped configuration, and winding
scheme of the Tx coil, are designed based on the three methods:
1) increasing the number of coil turns; 2) changing the material
of the medium; and 3) employing a new system structure)
to compensate the decrease in efficiency under misalignment
conditions. Section II.B provides the three design criteria and the
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reasons behind their selection based on the utility, feasibility, and
safety of application. The parameters of the structure, such as
specific dimensions and the number of coil turns, are provided
in the section. In Section III, a geometry-based performance
improvement method with a skewed coil structure involving no
additional windings or cost is proposed to increase the mutual
inductance between the Tx and Rx coils. The enhancement
of power transfer efficiency is verified via simulations using
the aforementioned softwares and experimental measurements.
The modification of the coil winding is based on the structural
theory of the WPT system. The transfer efficiency is observed
to confirm the improved performance of the proposed arrange-
ment through a power transfer experiment at 100 kHz, using a
fabricated free arrangement WPT system with a ferrite plate of
dimensions 30 x 70 cm. Finally, the conclusions are presented
and directions for future work are defined as studies covering
multiload charging and very large charging areas.

II. FREE ARRANGEMENT WIRELESS POWER TRANSFER
SYSTEM WITH FERRITE MEDIUM

A. Configuration of the Proposed Free Arrangement Wireless
Power Transfer System

A WPT system with a plate structure proposed in Fig. 2 can
conveniently charge a receiver irrespective of its location on
the plate. A Tx coil, to which an ac power source provides
electrical power, is tied to one edge of the large plate. An Rx
coil receiving the power for the load and wound with the Rx
box is freely located on the surface of the plate. A load can be
any electrical device that is directly power-supplied or a battery
that needs to be charged. This arrangement can solve serious
problems encountered when using conventional wireless battery
chargers, namely, severe sensitiveness to alignment between
coils and very short charging distance, which originates from
their structures and underlying principles, as explained in the
following paragraph. These limitations can be solved by creating
a system that allows free arrangement of the receiver on the
power transmission medium plate.

The principle followed by conventional wireless battery
chargers is shown in Fig. 3. When ac current (/) flows from the
power source to the Tx coil, magnetic field is induced around
the coil due to Ampere’s law (1). This field propagates into the
Rx coil through air. Time-varying magnetic flux density (B),
transformed from magnetic field intensity (H) in the Rx coil,
induces a voltage difference between the ends of the load as per
Faraday’s law (2). During the process, electrical power in the
form of the magnetic field is transferred from the Tx coil to the
Rx coil

H-dl = 1)
/E-df:—ﬁ/ﬁ-dﬁ. @)

The higher the magnetic field linked to the Rx coil, the higher
the power transfer efficiency at the same supplied power. If the
lateral distance (djateral, Which is associated with the alignment
issue) or longitudinal distance (diongitudinal, Which is associated
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Fig. 2. Proposed novel structure of the free arrangement wireless power transfer system.
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Fig.4. Lateral and longitudinal distances between the transmitter and receiver
coils.

with the charging distance issue) is increased, as depicted in
Fig. 4, the linkage of the magnetic field decays considerably.
This implies that the receiver can be charged at a fixed po-
sition, and the reduction in efficiency due to the increases in
the abovementioned distances leads to extended charging time
and heat generation in devices, threatening the user’s safety. To
overcome these problems, the proposed WPT system utilizes
three methods, as presented below.

Power transfer efficiency, under misalignment condition, can
be improved by: 1) increasing the number of coil turns; 2) chang-
ing the material of the medium; and 3) employing a new system
structure in spite of increments in the lateral and longitudinal
distances. Because a large number of windings generates a
magnetic field proportional to the number of windings, the
linkage of the field is strengthened, thus improving efficiency.
However, adding the coil turns expands the volume of the
transceiver and results in increasing the coil resistances, which
reduces efficiency. This is why the relationship between coil
turns and efficiency is complicated (discussed in Section II.B in

The second method to increase the efficiency involves using
an adequate material as the medium, such that the magnetic field
propagates from the Tx coil to the Rx coil. High permeability, a
property of the material, guarantees improved efficiency. When
the current that flows in the Tx coil generates the magnetic field
as per (1), the field is transferred to the Rx coil in the form of the
magnetic flux density (B). Because high magnetic flux density
ensures that a larger voltage (V) difference is induced on the
load (R), as described in (2), it is necessary for the magnetic
flux density to be high to achieve high power (P), as per (3), and
transfer efficiency

V2
P = I

The relationship between magnetic field intensity (H) and B

is as follows:

3

B = poprH S

where o and p, are permeability of vacuum and material
relative to the vacuum. The magnetic field is well transformed
into the magnetic flux density if the material of the medium
between the Tx and Rx coils has a higher value of permeability
than vacuum (Fig. 3). That is, high permeability of a material as
a medium induces a concentrated magnetic field in the medium,
and hence, the power is transferred with lower loss. Ferrite, a
ferrimagnetic material, has very intense relative permeability
(in the order of thousands). It is selected as a medium for this
reason. Deploying ferrite results in a more expensive system
compared with one using air. However, the structure of the
proposed WPT system in Fig. 2 cannot be implemented with
the desired efficiency using air (as verified by the experiment in
Section III). The advantages, such as the fewer coil turns required
for the same efficiency and reduction of transmitter volume due
to the use of ferrite, besides, can compensate for the cost.

Free arrangement of the receiver for receiving power, the
most prominent characteristic of the proposed WPT system, is
achieved by designing a new structure, which is referred to as
the third method, to ensure high efficiency. Fig. 5 shows the
most flexible power paths that can be implemented by a virtual
medium linkage between the transmitter and the receivers at
arbitrary locations. However, ferrite as a medium cannot be
deformed in the manner of fluid; thus, the system with a plate



SEO et al.: FREE ARRANGEMENT WPT SYSTEM WITH A FERRITE TRANSMISSION MEDIUM AND GBPI

Rx antenna

Tx antenna

Virtual flexible
/// ; R\ . medium
‘. ) 7&( antenna

Fig. 5. Flexible power paths between the transmitter and receiver coils with a
virtual medium.
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of Rx coil (green); axes of Tx coil 2 (red); and Tx coil 3 (blue) perpendicular to
that of Rx coil at the edge and at the center of the plate.
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structure (shown in Fig. 2) is adopted as a practical design to
build the power paths for randomly located receivers. Because
the location of the Tx coil also poses an issue in a system with
a plate, several winding methods of the Tx coil are suggested
in Fig. 6. When a receiver is located on the medium plate, the
central axis of the Tx coils can be parallel (Tx coil 1) or perpen-
dicular (Tx coils 2 and 3) to that of the Rx coil. Tx coils 2 and 3
are tied at one edge and center of the medium plate, respectively.
Although Tx coil 1 has the strongest magnetic flux linkage to
the Rx coil compared with the other windings, it may have
lowest efficiency due to very long coil length with the same the
number of windings, which involves high resistance. In addition,
the strongest magnetic flux can bring controversial issue about
safety. Tx coils 2 and 3 have almost identical properties with
respect to the flux linkage to Rx and the resistance, except for
the possible propagation distance. Consequently, the winding
method described as Tx coil 2 in Fig. 6 is determined to be
used for the proposed system because power transfer efficiency
at the maximum number of available medium plates should be
experimentally verified.

Typical operating frequencies used for the WPT are 20 kHz,
60 kHz, 100 kHz, and 6.78 MHz. The higher the frequency,
the larger the voltage difference generated between the load,
and hence, more power is delivered. However, an increase in
wire resistance due to the skin effect and magnetic loss at high
frequency (over the order of 1 MHz) are known to occur [34].
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TABLE I
STRUCTURAL PARAMETERS OF THE FREE ARRANGEMENT
WIRELESS POWER TRANSFER SYSTEM

Structure
parameter Symbol Value
Length of medium
plate Ly 70 cm
Width of medium
w, 30 cm
plate P
Thickness of
medium plate t 0.5 cm
Length of receiver I, 5 em
box
Width of receiver
Wy S5cm
box
Thlckness of t 0.5 cm
receiver box
Operating f 100105 kHz
frequency
Type of wire Litz wire
Material of Ni—Zn type soft ferrite material, SN-
medium 20 (Samwha Electronics, Korea)

Hence, the proposed WPT system is designed to operate at
100 kHz.

B. Consideration of Design Variables for Free Arrangement
Wireless Power Transfer System

Certain design elements should be determined to verify the
feasibility and performance of a free arrangement WPT system,
namely dimensions of the medium plate and Rx box, type of
wire, and number of coil turns. The dimensions of the medium
plate and receiver box are decided by considering the available
material (Ni-Zn-type soft ferrite material SN-20 acquired from
Samwha Electronics, Korea) and applications in Fig. 1. Con-
sidering the most desired application, a simultaneous charging
pad for several mobile devices, the area to be covered is set to
approximately 30 x 50 cm?. The length of the medium plate,
including the volume of the transmitter, is selected as 70 cm.
The dimensions of the Rx box are also determined based on the
applications for mobile devices, as listed in Table I. The Litz
wire, which is used as a coil, is adequate for high operating
frequency. ac wire resistance owing to the skin effect increases
as the system works at high frequency. The Litz wire, which is
composed of several bundles of wire, is employed as it attenuates
the ac resistance.

The numbers of Tx and Rx coil turns should be investigated
thoroughly because they are closely related to the efficiency of
transferred power. The efficiency is one of the most important
indicators to evaluate the performance of the system. Therefore,
an analysis of the efficiency is conducted based on the circuit
model of the system to devise a guideline for the number of coil
turns.
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Fig. 7. Circuit modeling of the free arrangement wireless power transfer
system.

Fig. 7 shows a basic circuit model of a WPT system with
ferrite medium. The current flowing through the primary coil,
denoted as primary current (/) in Fig. 7, is supplied from
the power source, and secondary current (I;) flows through
the secondary coil. Coil resistance and self-inductances of the
Tx and Rx coils (R, Rs, L11, and Lyy) are measured using a
network analyzer (E5061B, Keysight Technologies). By adding
compensating capacitors (C}, and Cj) for resonance with self-
inductances, high power transfer efficiency can be achieved. The
load of receiver is Ry,. The effective mutual inductance (M)
expresses the coupling between the coils and the medium where
the magnetic flux is induced. When w (= 27 f) is the operating
angular frequency, power transferred to the receiver and power
reflected by Lenz’s law are expressed by jwM I, and —jwM I,
respectively. The power transfer efficiency () is formulated as

0= fir )

(Ro+ Rp) (1+ Bty )

As per (5), that high efficiency results in low coil resistances
(R and R) and high mutual inductance (M ). The resistances
are proportional to the lengths of the coils. The mutual induc-
tance increases as the number of coil turns increases, because
a higher number of coil turns generates a stronger magnetic
field in the medium plate, ensuring enhanced coupling between
the Tx and Rx coils. The number of coil turns should have
some constraints, not only because of the tradeoff between the
resistances and the mutual inductance but also to ensure feasible
applications. As it is excluded from the charging zone, the area
occupied by the transmitter is restricted to 15% of the transfer
medium plate, which measures 30 x 70 cm?. Also, the Rx coils,
which can be implanted to the mobile device, should have as
small a size as possible. Therefore, the following three design
criteria are suggested to select the appropriate number of coil
turns, considering feasibility and safety:

1) Maximum coil turns in a limited area;

2) Maximum average transfer efficiency;

3) Maximum efficiency at a distance of 50 cm.

To choose the proper number of coil turns, an experiment to
measure the efficiencies of different numbers of coil turns is
conducted. Fig. 8(a), (b), and (c) depict the experimental results
of power transfer efficiency with different Tx coil turns (20, 30,
and 40), and two types of Rx coil windings (10 and 15 turns) are
used regardless of the number of Tx coil turns. Rx boxes with
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over 15 turns of coils cannot meet design criterion 1) because
of the physically unimplementable structure. Tx coils with over
40 turns are also excluded from consideration as improvement
in the overall efficiency is not observable due to the tradeoff be-
tween the resistances and the mutual inductance. The efficiency
for each case is measured by varying the distance between the
Tx and Rx coils (d,,), because the Rx coil can be placed on the
whole medium plate surface. The system design variables for
the experiment are listed in Table I. Usually, higher efficiency is
observed as the receiver gets closer to the Tx coil, that is, with
small d,, and vice versa. The efficiencies are always higher
at 15 Rx turns than at 10 turns. The configuration (maximum,
average, and at-50-cm) of efficiencies with 30 Tx turns is similar
to that for 20 turns because the mutual inductance of the system
with 30 turns does not considerably increase over that of 20
turns; however, primary resistance does.

The combination of 40 Tx and 15 Rx turns has the best per-
formance at any location. The maximum, average, and at-50-cm
efficiencies of the combination are 29.5%, 12.7%, and 5.8%,
respectively. Even though the Rx coil of 10 turns with 40 Tx turns
shows an efficiency close to the best combination at 50 cm, the
average efficiency cannot exceed 10%. Efficiencies at different
distances (d,.) for 40 Tx turns and 15 Rx turns increase by more
than 1.3 times on average than for those with 40 Tx turns and
10 Rx turns. Based on the design criteria, the numbers of coil
turns are chosen as 40 turns for the Tx and 15 turns for the Rx
coils.

III. FREE ARRANGEMENT WIRELESS POWER TRANSFER WITH
GEOMETRY-BASED PERFORMANCE IMPROVEMENT

A. Relationship Between Mutual Inductance and Power
Transfer Efficiency

The close relationship between mutual inductance and power
transfer efficiency is investigated. The previous section showed
that the increase in the number of coil turns does not directly
improve the efficiency because both resistances and mutual
inductances increase. The number of Tx and Rx coil turns is
determined to be 40 and 15 through the former experiments
measuring the efficiency for different combinations of coil turns,
and the electrical parameters are denoted in Table II. The resis-
tances with the fixed number of coil turns are deterministic, so
that the effect of the mutual inductance alone on the efficiency is
considered. The mutual inductance cannot be measured directly;
the value must be estimated. Fig. 9 shows the circuit model of the
WPT system without resistive load. Vp is the induced voltage
between the two ends of the Rx coil and the secondary current,
I, is negligible owing to the almost infinite resistance of the
open circuit. When power is supplied from the source to the Tx,
primary current, I,,, flows normally, and then, the voltage on Rx
is calculated using

Vi = jwMI,. (©6)

Mutual inductance is estimated by measuring Vz and I),.
In Fig. 10, the orange and blue lines depict power transfer
efficiency from the simulation and experiments, respectively.
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(c) 40 Tx coil turns, and two different turns of the Rx coil (10 and 15).

TABLE II
FIXED NUMBER OF TX AND RX COIL TURNS AND OTHER PASSIVE ELECTRICAL
PARAMETERS FOR A FIXED NUMBER OF WINDINGS

Design parameter Symbol Value
Number of transmitter coil turns N, 40
Number of receiver coil turns N, 15
Resistance of transmitter coil R, 12Q
Resistance of receiver coil R; 0.48 Q
Self-inductance of transmitter coil L1 995 uH
Self-inductance of receiver coil Ly, 63 pH
Compensatmg capacitance of c, 25 nF
transmitter coil
Compensating capacitance of receiver c 404 nF
coil
Load resistance R, 050

Ferrite
I, medium I
— —
C L11 ¥ oupli
5 oupling
AC Power B
source —jwMIg
Rp
Fig. 9. Basic circuit model of wireless power transfer system without load.

The simulation is conducted in MATLAB software (R2017a)
using the measured mutual inductance from the abovementioned
method and (5). The efficiencies are obtained by moving the
receiver from the Tx coil when the distance between the two
coils varies from 5 to 55 cm.

The correlation between the simulated and measured efficien-
cies is verified using R2, the coefficient of determination. RZ is

Experimental results of power transfer efficiencies by varying the distance between the two coils with (a) 20 Tx coil turns, (b) 30 Tx coil turns, and

q‘ =@— Mcausrement
\ =& = Simulation

W
(=]

N
W
T

—_
W
T

Power Transfer Efficiency (%)
—_— [
(=) (==}

(%4
T

10 20 30 40 50
Distance between Transmitter and Receiver Coils (cm)

Fig. 10.  Power transfer efficiency of the simulation (orange dashed line) and
experiment (blue solid line) for 40 Tx coils and 15 Rx coils by varying the
distance between the Tx and Rx coils.

a statistical value that is used to test the hypothesis and shows
how well the observed data follow the prediction, depicted by a
value between 0 and 1 [35], [36]. The measured points are better
replicated by the model; further, R? tends to unity. In Fig. 10,
the R? value of 0.97 (that is very close to unity) confirms that
the simulation of the power transfer efficiency is well modeled
and estimates the outcomes with high accuracy.

B. Analysis of Effective Mutual Inductance

High power transfer efficiency requires high mutual induc-
tance, which means the intensity of magnetic field inside the
Rx coil should be sufficiently high based on (2)-(4). In the
structure proposed previously, however, a low net intensity of the
magnetic field is observed because the magnetic fields induced
by the upper and lower parts of the Tx coil have similar intensities
as well as opposite directions, as shown in Fig. 11. Since the
induced magnetic fields offset each other, the effective mutual in-
ductance that shows linkage between the Tx and Rx coils appears
to be low. In order to increase the effective mutual inductance, the
difference between the intensity of the magnetic field induced
by the upper and lower Tx coils should be increased.

The magnetic field in the proposed system is weak as the
opposite directions of the currents flowing in the upper and lower
Tx coils induce a field in the opposite direction in the Rx box,
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Fig. 11. Difference in the magnetic field (purple arrows) induced by the upper
(blue arrows) and lower parts (red arrows) of the transmitter coil.

based on Ampere’s right-hand rule (1), whereas the intensity that
depends on the distance is comparable. If the Tx coil is skewed,
as shown in Fig. 12, and the influence of the upper part of the
Tx coil on the Rx coil (emerald and green arrows on Rx coil
in Fig. 12) is relatively stronger than that of the lower part (red
arrow on Rx coil in Fig. 12), the effective mutual inductance will
increase as the intensity difference of the magnetic field induced
by the two elements increases.

The feasibility of the proposed method, namely adjusting the
winding structure of the Tx coil, is verified with FEA simulation
(Maxwell v14.0) and depicted in Figs. 13 and 14. Fig. 13(a)
shows the entire model of the system and magnetic flux density
in the ferrite plate. A high magnetic flux density (22.73 mT),
exceeding the safety standard, is induced; this is acceptable
because electrical power is transferred through the ferrite plate
in the form of a magnetic field. The x-y plane that obtains the
strongest induced magnetic field touches the Tx coil (Fig. 13(b)).
Fig. 13(c) presents the magnetic field of the y-z plane 1 cm from
the Tx coil. Fig. 13(d) shows the simulation result of the z-x plane
aty = 15 cm. The magnetic flux density results of Fig. 13(b), (c),
and (d) decrease significantly as the distance of the measurement
point from the coil increases.

The simulated vaues are compared after normalization with
the maximum value, which is obtained from a 4-cm-skewed
Tx coil, because of uncertainty in the permeability of the ferri-
magnetic material. The system with the 2-cm-skewed Tx coil
has twice as high normalized mutual inductance on average
compared to that with the unskewed Tx coil. It is certain that the
most deformed Tx coil shows the best performance, presenting
over five times higher mutual inductance on average than that
with the conventional Tx coil.

Based on this verification, this article introduces a geometry-
based performance improvement method, which can increase
the effective mutual inductance between the Tx and Rx coils
by adjusting the winding structure of the Tx coil. Adjusting the
winding structure can increase mutual inductance easily, which
leads to improved transfer efficiency, without considerable ad-
ditional cost compared to applying a new medium material and
increasing the number of coil turns. In the following simulations
and experiments, the distance between the Tx and Rx coils (d,)
is defined as the minimum length between the two coils, that
is, between the rightmost part of the Tx coil and the leftmost
part of the Rx coil; adjusting the Tx coil winding thus does not
affect d,.

Simulations were conducted using MATLAB to verify that
the effective mutual inductance between the Tx and Rx coils
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increases with the increase in skewness of the Tx coil. Three Tx
coils of different skew ratios (0, 2, and 4 cm) were modeled in the
simulation, as shown in Fig. 12. Since one of the system design
criteria is to restrict the size of the transmitter compared to the
overall system, including the transmission distance, models in
which the Tx coil is skewed by over 4 cm are not considered.
Ferrite is thus adopted as the medium of the simulated systems
with three kinds of Tx windings. The comparison, an air coil
system with the unskewed Tx coil, is also simulated. The system
dimensions for the simulations are listed in Tables I and II.

Neumann’s formula in (7f) derived from Maxwell’s equations
is utilized in the simulation to calculate the mutual inductance
(M), expressed by circuit coupling in Fig. 9, between the ar-
bitrary structures [28], [37]. The formula can be derived from
Biot—Savart’s law in (7a), which describes the magnetic flux
density (B1) generated by a constant electric current (/;) from
the Tx coil as follows:

5 _ Hoprly 7{ dly x (7 —73) 78
R I R
%
<1>2_/B1 ngZ/(VXAl) d@:fﬁ-dlz
l2
(7b)
- mmh% diy
A = 7c
1 ) o5 (70
s dly - di;
D, = MOM 1% 1 a2 (7d)
1, J1s |7“1 - 7‘2|
Oy = Moy Ih (7e)
. dl; - di
My = b = 1oL 74 Ll (76)
Iy Jis |7"1 —7”2\

o and ., are the permeability in vacuum and relative per-
meability, respectively. The relative permeability is adjusted
according to the medium, namely air or ferrite, in this work.
dly and dl are infinitesimal length vectors along coils 1 and 2,
respectively. 7;—; 2 is a vector from the common origin of the
3-D space to the infinitesimal length of the corresponding coil,
ﬁi:u. ®,, the magnetic flux in coil 2 (the Rx coil) is derived
from contour integral of the magnetic vector potential of coil
1 (Ay) along coil 2 and is proportional to the current in coil 1.
Thus, the mutual inductance between the Tx and Rx coils can
be calculated from (7f).

The contour integral in (7f) is related to the inner product of
the infinitesimal parts of the Tx and Rx coils, and is normalized
by the distance between them. The contours, which are written
as l;—1 2, are located along the Tx and Rx coils. Therefore, the
mutual inductance estimated from the simulation is affected by
the material of the medium (ux,.), the configuration of the Tx

and Rx coils (ﬁl . 32

(|77 — 73]) only.

The results of the simulation in Fig. 15 show that the effective
mutual inductances of the systems with ferrite medium remain
high even for long distances compared to the conventional WPT
system with air medium (purple dashed line with + markers

), and the distance between the coils
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Fig. 12.  Proposed performance improvement method with the skewed winding structures of the transmit coil which have different skew levels: unskewed (blue);
2 cm (emerald); and 4 cm (green).
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Fig. 13.  Results of FEA simulation (Maxwell v14.0) of the system with unskewed Tx coil (a) for the ferrite plate, (b) for the x-y plane above the Tx coil, (c) for
the y-z plane 1 cm from the coil, and (d) for the z-x plane in the center of the coil.
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Fig. 14.  Simulation result using the Maxwell model to verify the improvement ~ Fig. 15.  Simulation result of the relationship between the effective mutual
in mutual inductance by adjusting Tx coil winding. inductance and the skew level of the Tx coil (using MATLAB).
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Fig. 16.

in Fig. 15), regardless of the winding structure of the Tx coil.
The system with air medium shows under 10 nH of mutual
inductance at a distance of 10 cm between the Tx and Rx coils.
On the other hand, the mutual inductance of the system with
ferrite media and the unskewed Tx coil is over 2.2 uH even at
a distance of 55 cm and the values with the skewed Tx coils
are much higher. It is clear that although the mutual inductance
attenuates as the distance between the Tx and Rx coils increases,
the power can be delivered for a longer distance using the
high-permeability medium compared to the conventional way
through air. Further, consistent with the hypothesis, the result
of the model with the highest skew level (4 cm) indicates that
the improvement in effective mutual inductance raise the transfer
efficiency, thus showing the possibility of performance improve-
ment with the winding adjustment of the coil in the system.

C. Verification of Geometric-Based Performance Improvement
(GBPI) Method via Experiments

The free arrangement WPT systems with unskewed and
skewed coil structures (2 and 4 c¢cm) are fabricated as seen in
Fig. 16(a) and (b), and practical verification using ferrite medium
is completed as seen in Fig. 16(c). Fig. 16 show that only 6.1%,
9.0%, and 11.8% of the system volume are occupied by the
transmitter in case of the unskewed, 2-cm-skewed, and 4-cm-
skewed structures, respectively, not against the design rules in
Section II.B. Each case uses a compensating capacitor to form
a tank circuit with a resonant frequency similar to the operating
frequency. Since the secondary current should be negligible to
measure the effective mutual inductance, the load is linked to
the Rx box in series with the compensation capacitors when
measuring the transfer efficiency.

Fig. 17 shows the measured effective mutual inductances
according to the position of the Rx coil with different skew
levels (0, 2, and 4 cm). The mutual inductance with the unskewed
structure through air is also measured for comparison with that
of the system with ferrite medium. Both simulations (Fig. 15)
and measurements (Fig. 17) indicate that the system with fer-
rite has higher mutual inductance, implying the improved per-
formance in transfer efficiency of the free arrangement WPT
system with ferrite. The experimental results are well predicted
from the simulations, and the tendencies of the simulated and
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Prototypes of the unskewed coil and skewed coil structures: (a) top view and (b) side view. (c) Experimental setups with ferrite media.
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Fig. 17.  Experimental result of the relationship between the effective mutual
inductance and the skew level of the Tx coil.

measured mutual inductances are consistent, providing an R?
value over 0.94 between the curves for ferrite in Figs. 15 and
17 (0.965, 0.971, and 0.945 for the unskewed with ferrite, 2 cm
skewed with ferrite, and 4-cm-skewed with ferrite structures,
respectively).

In case of air, regardless of the tendency of the curves to
appear similar, the correlation between predicted and observed
data is relatively low compared to the cases for ferrite, for a
coefficient of determination of 0.835. This can be a possible
reason for the relatively low correlation through air when the
secondary voltage, which is used to calculate the effective mutual
inductance, is too low to be precisely measured over a distance
of 15 cm.

In case of the mutual inductance measured in the ferrite
system, it is evident that it increases as the Tx coil is further
distorted. The maximum effective mutual inductanceis 11.1 uH
when the 4-cm-skewed Tx coil is 5 cm apart from the Rx coil on
the ferrite plate. In the identical system, mutual inductance of
4.18 puH is recorded at a distance of 55 cm, where the distance
between the Tx and Rx coils is the largest.

The simulated and measured power transmitter efficiencies
of the proposed system according to the receiver locations



SEO et al.: FREE ARRANGEMENT WPT SYSTEM WITH A FERRITE TRANSMISSION MEDIUM AND GBPI

wn
(=1
1

o Power Transfer Efficiency (%)
— (3] W B
(=] (=] (=] o
T T T T
4

o

-

(=]
T
/
4

4527

~—+=Simulation: Unskewed Tx (Air)
~+—Measure: Unskewed Tx (Air)
~&~Simulation: Unskewed Tx (Ferrite)
—&—Measure: Unskewed Tx (Ferrite)

=& -Simulation: 2cm-skewed Tx (Ferrite)
—4—Measure: 2cm-skewed Tx (Ferrite)
=0 -Simulation: 4cm-skewed Tx (Ferrite)
=0—Measure: 4cm-skewed Tx (Ferrite)

—==

10 20

30 ) 40 ) 50

Distance between Transmit and Receive Coils (cm)

Fig. 18.

are shown in Fig. 18 for four conditions: unskewed coil with
air medium (pink); unskewed coil on ferrite plate (orange);
2-cm-skewed coil on ferrite plate (green); and 4-cm-skewed
coil on ferrite plate (blue). The simulation results and measured
values are depicted with the dashed and solid lines, respectively.
An ac power source is applied to the Tx coil and the received
power is measured at the resistive load. The transfer efficiency
is defined as the ratio of input power to received power. Except
for the attached 0.5-Q)-load, the rest of the settings (operating
frequencies, locations of the Rx box, coil structures, medium,
etc.) are identical to those of the experiment measuring effective
mutual inductance.

The simulated power transmit efficiency (7) is calculated
with (5) and parameters such as resistances, self-inductances,
and capacitances are specified in Table II. The R? values are
0.99, 0.97, 0.98, and 0.97 for air, unskewed, 2-cm-skewed, and
4-cm-skewed coils for ferrite medium, respectively; thus, the
calculation and measurement of the power transfer efficiency
are almost consistent with those in Fig. 18.

As with the effective mutual inductance, the transfer effi-
ciency is much higher in the system with the ferrite plate than that
in the system with air. The highest efficiency through air with the
unskewed Tx coil is 0.008%, whereas that with ferrite is 29.5%.
Most importantly, when the distance between the coils exceeds
10 cm, no power is measured at the Rx coil with air medium.
At the farthest end of the ferrite plate, the systems with the
unskewed, 2-cm-skewed, and 4-cm-skewed Tx coils show 6.2%,
10.4%, and 17.5% transfer efficiencies, respectively. The highest
measured transfer efficiencies are 29.5%, 33.3%, and 47.3% for
the unskewed, 2-cm-skewed, and 4-cm-skewed structures on the
ferrite plate, respectively.

The 4-cm-skewed coil shows the best performance as ex-
pected, and the maximum power transfer efficiency of the
4-cm-skewed ferrite system appears at 5 cm. With respect to the
systems with the unskewed and 4-cm-skewed coils, the power
transfer efficiency is improved up to 2.8 times at a distance
of 55 cm (difference of up to 17.9% for a 5 cm distance) and
two times on average (10.5% difference on average). Compared
to the system with the 2-cm-skewed coil, the system with the
4-cm-skewed coil has 1.7 times higher transfer efficiency at the

Simulated and measured transfer efficiencies of the free arrangement wireless power transfer system.

end of the ferrite plate (14.1% of the largest difference at 5 cm
distance) and 1.4 times on average (6.2% difference on average).

Adjusting the Tx coil winding results in improved effective
mutual inductance and a power transfer efficiency of as much
as 17.9%, as shown in Fig. 18. The relationship between the
improvement in the mutual inductance and transfer efficiency is
described in Fig. 19. In both Fig. 19(a) and (b), the bars and the
solid lines denote the effective mutual inductance and power
transfer efficiency, respectively. The mutual inductances and
transfer efficiencies at a certain distance between the transmitter
and receiver are indicated in Fig. 19(a). The blue bars and solid
line are the values from the system with the standard Tx coil and
the red ones denote that with the adjusted Tx coil. Fig. 19(b)
shows the difference between the measurement, that is the
effective mutual inductance (green bar) and the power transfer
efficiency (pink curve), from systems with the unskewed and
skewed Tx coils. As shown in Fig. 19, especially Fig. 19(b), the
tendencies for improvements in mutual inductance and transfer
efficiency are consistent with each other, providing a low mean
squared error (MSE) for the normalized difference, which is less
than 2.8%. The result demonstrates that the design rule, namely
that the enhanced mutual inductance between the Tx and Rx
coils from the GBPI leads to increased power transfer efficiency
of the proposed free arrangement WPT system, is valid.

D. Power Loss Analysis

Power loss analysis for the experiment in Section III for the
4-cm-skewed Tx coil system, where the receiver is located 5-cm
off the Tx coil, is conducted. Fig. 20 shows each share of losses
for total power. The operating power consumption of the ac
power source in Fig. 7 is indicated as switching loss. The Tx
and Rx coils undergo dc (conduction) loss and ac (due to skin
effect and proximity effect) loss, respectively. DC resistance is
calculated from resistivity of copper (which is used as the coil)
and ac resistance is estimated using the ratio of ac resistance to
dc resistance of the Litz wire [38]. All these losses are measured
by a mixed signal oscilloscope (MSOX3034T, Keysight Tech-
nologies). It is very difficult to measure core loss when ferrite is
used as the material of medium plate and the Rx box. Thus, the
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TABLE III
STANDARD FOR SAFETY LEVELS WITH RESPECT TO HUMAN EXPOSURE TO ELECTRIC, MAGNETIC, AND ELECTROMAGNETIC FIELDS AT 100 KHZ

Electrostimulation effect

Thermal effect

DRL ERL DRL ERL
Induced electric Magnetic field Specific Electric field Magnetic field Power density Power density
field intensity intensity absorption rate intensity intensity (electric field base) (magnetic field base)
2945 V/im 163 A/m 0.08 W/kg 1,842 V/m 163 A/m 9,000 W/ m? 10,000,000 W/ m?
0,
=) 12 150 ~ 100% 4.02%
> S 90% 1.76%
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Fig. 19. Relationship of the improvements in mutual inductance and trans-
fer efficiency through the geometric-based performance improvement method.
(a) Measured mutual inductances (bars) and power transfer efficiencies (curves)
according to the distance between the transmitter and receiver with the unskewed
coil (blue) and the 4-cm-skewed coil (red). (b) Differences between the mea-
surements with unskewed and skewed Tx coils in (a) and MSE.

core loss is calculated using the datasheet given by the provider
[39] and the relevant system value.

The values of ac loss are similar as those of dc loss since
the Litz-type wire is appropriate for high frequency. The system
with ferrite achieves higher efficiency (Fig. 18) but causes high
and constant core loss, which is major irrespective of the location
of the receiver.

The purpose of proposed system is to charge devices that are
frequently used by humans. Thus, the system must satisfy the
relevant standards for consumer electronics. Theoretically, the
human body is exposed to the magnetic field after its genera-
tion and propagation by the system. We simulated propagated
electric and magnetic fields of the system using FEA software
and verified whether those field intensities satisfy the Standard
for Safety Levels with respect to Human Exposure to Electric,
Magnetic, and Electromagnetic Fields approved by IEEE [33]
and guidelines provided by the International Commission on
Non-ionizing Radiation Protection (ICNIRP) [29], [30]. The
simulation environment is the same as the experimental setting
of the 4-cm-skewed Tx coil system. In the IEEE standard, safety
with regard to the electrostimulation and thermal effects should
be satisfied at the operating frequency of 100 kHz used in
the article. The domestic reference limit (DRL) and exposure
reference limit (ERL) exist for each effect, and the system is
said to be safe when the criteria fall under DRL or ERL. In this
article, the proposed system complies with the DRL.

Table III shows the reference limits for the electrostimula-
tion and thermal effects. The SAR is a measure of the rate at
which energy is absorbed by the human body (units: W/kg).
To obtain the SAR value, another FEA simulation application
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TABLE IV
ICNIRP GUIDELINES FOR LIMITING EXPOSURE TO TIME-VARYING ELECTRIC, MAGNETIC, AND ELECTROMAGNETIC FIELDS

Guideline Basic restrictions Reference levels
Internal electric Current Induced e lectric Magnetic field Magnetic flux
Criteria Average SAR
field intensity density field intensity intensity density
Low Frequency
13.5V/m - - 83 V/im 21A/m 27 uT

(1Hz-100kHz)

High Frequency 200
- 5 0.08 W/kg 87 V/m 5 A/m 6.25 uT

(Up to 300GHz) mA/m

Transmission Plate

(a)

ELY_per_meter]
3.6115e-011
7.9907e-012
9.0664e-018
1.9834e-018

[w/kgl

' sseorons|  HUman body model
4. 4799E-00Y
1. 7620E-004
6. 9304E-085
6.5234E-007
2. 5658E-007

I 1.5769e-008
1.7284e-012
4.3389e-019
2.7258E-005

I 1.0092E-007

3.4496e-009
3.7811e-013
8.2716e-014
1.8095e-014
3.9586e-015
8.6599e-016
1.0721E-005
3. 9692E-008
1.5612E-008
6. 1404E-009
2.4151E-009
9.4991E-010

7.5465e-010
1.6509¢-010
1.8945e-016
l 4. 1444e-017
SAR Field
4. 2168E-006
1.6586E-006
Fig. 21. Results of FEA simulation (HFSS v15.1) of the system with
4-cm-skewed Tx coil with regard to (a) electric field intensity and (b) SAR.

Transmission Plate

(b)

(Ansys HFSS v15.1) is used and for other values, Ansoft
Maxwell v14.0 is used to simulate the results. The box touching
both the Tx coil and ferrite medium plate serves as the measure-
ment target, i.e., the charging area.

Fig. 21(a) shows the result of the electric field intensity for
electrostimulation of the system. The maximum electric field
intensity is 15.77 nV/m, and thus, the system satisfies the DRL
for the electrostimulation effect. Fig. 21(b) shows the SAR
results for the thermal effect of the system. The brain, which
is the most sensitive organ in the human body, is modeled
using specific material, which is placed above the Tx coil. The
simulated result for the DRL of the thermal effectis 1.14 mW/kg.
Consequently, the system can satisfy the IEEE standard.

The ICNIRP guidelines for limiting exposure to time-varying
electric, magnetic, and electromagnetic fields are given for low

ELY_per_meter]
5.8537e-011
2.6756e-811
1.2230e-011
5.5899¢-012
2.5550e-012
1.1679e-812
5.3380e-013

2.4399e-013
1.1152e-913
5.0975e-014%
2.3300e-014
1.0650e-014%

Human body model

4.8678e-015
2.2250e-015
1.0170e-015
4. 6484e-016
2.1247e-016

Transmission Plate

(@

J[Aa_per_m2]
3.3159e-010
9.0425e-911
2.4648e-011
6.7202e-912
1.8322e-012
4, 9955e-013
1.3620e-013

3.7134%e-014
l 1.9124%e-014

Transmission Plate

2.7603e-015
7.5259e-016
2.8519e-016

5.5943e-017
1.5253e-017
4.1585e-018
1.1338e-018
3.0912e-019

Fig. 22. Results of FEA simulation (HFSS v15.1) of the system with
4-cm-skewed Tx coil with regard to (a) internal electric field intensity and
(b) surface current density.

Rx box with Rx coil

Shiom

(b)

frequency (LF, 1 Hz-100 kHz) [30] and high frequency (HF, up
to 300 GHz) [29]. The proposed system operates at 100 kHz;
thus, the system should satisfy the guidelines for both LF and HF.
Both the guideline state that the exposure fields of an electromag-
netic system should be under the basic restriction or reference
levels (Table IV). Compliance with the basic restriction, which
is essential for the system, is verified by the simulation.

The internal electric field is the in-body electric field owing
to exposure to time-varying electric and magnetic fields. In
Fig. 22(a), internal electric field (0.0585 nV/m) is assessed by
simulating same body model used in Fig. 21(b). Fig. 22(b)
shows the results of the current density of the ferrite plate
surface, where the human body can be exposed. The value for
the proposed system is 0.335 nA/m?. The SAR value as per the
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TABLE V
VARIOUS PERFORMANCE COMPARISONS OF WPT SYSTEMS

Flexibilit Maximum FOMD" (Ratio of charging area to
y Maximum peer -to-peer Charging
Comparisons distance sum of transmitter and receiver
in ali " efficiency multi -receiver
n alighmen [m] volumes) [ m™ ']
Recent
commercial Very low 0.003 >90% at 0.003 m N/A? N/A
product [2, 3]
DCRS [24] Moderate 5 29% at 3 m 27.8 N/A
U-ipt [27] Very high 1 6% at 0.2 m 10 Able
Ball joint [28] Very low N/A 81% at 0 m N/A N/A
Ring Conditionally
Low 0.7 80.1% at 0.7 m N/A
resonator [16] able
This work High 1.3 47.3% at 0.05 m 5357 Able
IFOM [m’l] Available charging area [m?2]

Volume of transmitter[m3]+volume of receiver[m3]

2N/A: Not available

Fig. 23.

ICNIRP guideline is the same as that of the IEEE standard. All
criteria with respect to basic restrictions fall within the guideline.
Therefore, the free arrangement WPT system satisfies the safety
standards set by both the IEEE and ICNIRP as the direction of
the induced magnetic field is not directed to the user.

IV. CONCLUSION

This article introduces a WPT system with ferrite in which
the Rx coil can be located freely. The system employs ferrite
with high permeability to achieve higher efficiency than air
as the medium. While the argument of cost originates from
the adaptation of the ferrite medium, properties, such as high
efficiency and decreased transmitter volume deployment taking
advantage of practical applications, are enough to compensate
for the cost. Selecting ferrite as the medium, the plate-shaped
structure of the proposed system is determined to locate the
receivers without restriction and offer flexible power paths.

Four LED bulbs are lighted with the proposed WPT system. The maximum distance of a bulb from the Tx coil is 130 cm.

A coil winding structure modification is also discussed
to obtain improved mutual inductance profile. The standard
(unskewed Tx coil) and adjusted (2- and 4-cm-skewed Tx coils)
systems are experimentally verified at 100 kHz, and show up
t0 29.5%, 33.3%, and 47.3% power transfer efficiency, respec-
tively. At the longest distance of 55 cm between the Tx and
Rx coils, the transfer efficiencies are 6.2%, 10.4%, and 17.5%,
respectively. The 4-cm-skewed Tx coil shows the best perfor-
mance, with the highest effective mutual inductance and power
transfer efficiency.

The proposed structure where Tx and Rx coils are aligned
at almost 90° using the ferrimagnetic material medium and
adjusted Tx coil winding can be seen a combination of the hori-
zontal and vertical flux approaches in [22]. Combining these two
approaches addresses the limitations in orientation and size of
the receivers as well as concerns regarding the radiated magnetic
flux. Therefore, the proposed WPT system is novel in that it is
flexible in terms of the placement of multiple implementable
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receivers and the intensity of the magnetic field radiated to the air
and absorbed by the human body is greatly reduced, dismissing
the safety issue.

Several indicators from the proposed WPT system and the
commercial or studied counterparts are compared in Table V to
evaluate their respective performances. With regard to alignment
flexibility, the proposed system achieves a high score compared
to the others, indicating that the restriction on the location of
receivers is highly relieved. Although the proposed system has
significantly long transfer distance for the occupied volume of
the transmitter, the efficiency should be improved for satisfying
commercial needs. This aspect is explained in terms of figure
of merit (FOM) in Table V, namely, as the ratio of available
charging area to the sum of the transmitter and receiver volumes.
A high FOM value means that the system obtains a larger
charging area with a relatively small total volume of the Tx and
Rx coils, and is more practical. Therefore, further investigations
should be conducted to develop and optimize the system with
respect to materials and structural adjustments. The proposed
free arrangement WPT system can be installed on plate-like flat
structures such as desks, floors, and walls to charge multiple
mobile devices and sensors conveniently; thus, it is feasible for
implementing internet of things applications.

FUTURE WORK

The large area of the charging medium plate provided in the
proposed WPT system enables a receiver to be located freely on
the plate and may satisfy the need to charge a multiple number
of receivers, as shown in Fig. 1. Through experiments on the free
arrangement WPT system, which utilize LED bulbs as loads, the
possibility of using the proposed system with multiple receivers
is verified.

Four receivers with the same windings, structure, and material
are fabricated, and a 4—cm-skewed Tx coil with 40 turns, which
showed the best performance in the simulations, is deployed for
the experiment. The four bulb loads connected to each receiver
are located arbitrarily on the ferrite plate of length 130 cm,
as shown in Fig. 23. The other experimental settings are the
same as those for measuring transfer efficiency, except for the
input power. Future studies to consider multiload systems and
couplings between the adjacent Rx coils should reduce the input
power to light all the LED bulbs and improve the practicality
of the free arrangement WPT system. Also, studies to enhance
the versatility of the system, such as by reducing the weight of
the plate, using flexible ferrite sheet, and optimizing the system
variables, are necessary.
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