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Abstract: Inductive power transfer (IPT) systems often encounter limitations in efficiency and
transmission distance due to near-field magnetic coupling characteristics. Increasing the inductance
can enhance the transmission distance, but it also raises the system’s Q factor, leading to several issues.
This study aimed to optimize the magnetic core design of helical coils to enhance magnetic coupling
in IPT systems while minimizing the increase in self-inductance. Through finite element analysis,
various core placements were evaluated, leading to a proposed core design process that integrates
inner and lower cores at optimal angles. The proposed design was compared with conventional cores,
and its performance was validated in an IPT system. The results demonstrate that the proposed core
design significantly enhances the coupling coefficient (k) and extends power transmission distance
compared with conventional planar and U-shaped core structures without substantially increasing
self-inductance (L). This design effectively balances the trade-off between increasing inductance and
maintaining system stability, thereby improving transmission efficiency while minimizing frequency
instability and voltage stress.

Keywords: inductive power transfer (IPT); magnetic core; magnetic coupling; coupling coefficient;
core design; helical coil; mutual inductance

1. Introduction

Wireless power transfer (WPT) technologies can be broadly categorized into capacitive,
inductive, and electromagnetic wave methods. Currently, most commercially available
WPT systems use inductive power transfer (IPT) via magnetic fields. However, IPT systems
using magnetic coupling face inherent limitations in efficiency and transmission distance
due to near-field characteristics, which are inversely proportional to the cube of the distance.
Consequently, extensive research is being conducted to overcome these limitations.

Although research on inductive WPT systems utilizing magnetic coupling has been
ongoing for many years, significant attention was drawn by MIT’s research in 2007. This
system achieved a 60 W power transfer with a 40% efficiency over a distance of 2.1 m [1,2].
However, the measured quality factor (Q) of the resonant coil in this study was about
950 (the theoretical value is about 2500), indicating that a 0.05% frequency shift reduces the
output by less than half at a resonant frequency of 10 MHz. Thus, increasing the Q factor to
enhance transmission distance also raises system instability.

In 2014, KAIST developed a dipole coil resonance system (DCRS) using bar-shaped
ferrite cores. This system achieved power transfers of 1403 W, 471 W, and 209 W over
distances of 3, 4, and 5 m, respectively [3-5]. This allowed for stable power transfer with a
Q factor of below 100 at a relatively low frequency of 20 kHz and offered a smaller volume
advantage over circular coils. In this way; it is possible to utilize magnetic cores to improve
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coil coupling, but most magnetic core research has focused on designing cores for specific
coil shapes (spiral coils, solenoids) or for shielding purposes.

Other studies to improve efficiency and transmission distance include metamateri-
als [6-9] and relay coils [10-13], but these require additional devices between the transmitter
and receiver. Superconducting coils can also be considered. However, as described ear-
lier, this method reduces bandwidth by increasing the Q factor and causes high-voltage
stress issues.

To address these limitations, this study focused on optimizing the magnetic core
design of helical coils to enhance magnetic coupling while minimizing the increase in
inductance in IPT systems. Due to various factors, the optimal design values may differ
for each model. However, the design process described in this study is expected to be
applicable to the optimal design of specific models.

2. Methodology and System Configuration

In inductive power transfer (IPT) systems, magnetic cores are primarily used to
increase self-inductance (L), enhance the coupling coefficient (k), or provide shielding.
Magnetic cores can elevate L by increasing the magnetic field in the coils, which depends
on the magnetic permeability (). Simultaneously, they can modify the magnetic flux path
to enhance k based on their configuration. Elevating both L and k is a primary method
to boost mutual inductance (M), which enables higher efficiency and extended power
transmission distances. However, increasing L not only causes the aforementioned issues
but also increases eddy current and hysteresis losses in the core, resulting in a potential
decrease in the efficiency of the system.

Therefore, this study aimed to design a magnetic core that maximizes k with minimal
core usage to minimize frequency instability and voltage stress on coils and capacitors.
This study began by investigating the impact of two commonly used core structures.
It then analyzed how the placement of cores around the coils affected their magnetic
coupling. Subsequently, it designed an optimal core structure by integrating suitable core
positions and sizes. Finally, this optimized design was applied to an IPT system to validate
its effectiveness.

The selected core for this research was the Mn-Zn ferrite core PL-13, with a relative
permeability (p;) of 3200. Core losses were not considered in this study. The coils used
were a pair of helical coils with a diameter of 300 mm (80 turns) and a cross-sectional
area of 40 mm by 8 mm. In an IPT system without cores, the original coil’s optimal
transmission distance was 402 mm at 50 kHz resonance and 523 mm at 100 kHz resonance.
To include this, the core design was evaluated by comparing the coupling coefficient k,
mutual inductance M, and self-inductance L for transmission distances of 300 mm and
600 mm. The analysis was conducted using the commercial finite element analysis software
ANSYS Maxwell 2023 R1.

3. Core Effect Analysis
3.1. Analysis of Commonly Used Cores

Due to limited research on the application of cores to helical coil forms, we first
analyzed the effects of two commonly used core structures, as depicted in Figure 1. Planar
cores, positioned flat at the bottom of the coil as shown in Figure la—c, are commonly
used alongside spiral coils in most wireless charging applications [14-16]. These cores are
sometimes composed of multiple rectangular prisms arranged radially to fill the entire
bottom of the coil, considering cost factors. On the other hand, U-shaped cores, wrapping
around the inside, outside, and bottom of the coil, as depicted in Figure 1d—f, are typically
used with straight conductors in power supply systems like online electric vehicles (OLEVs)
and high-speed trains [17-19].
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Figure 1. Two types of core structures commonly used in WPT systems: (a) planar core; (b) cross-

section of the planar core; (c) quarter geometry of the planar core; (d) U-shaped core; (e) cross-section
of the U-shaped core; (f) quarter geometry of the U-shaped core.

These cores were applied to helical coils, and their effects were compared. Two core
structures were designed with the same volume of 1,238,412 mm? and cross-sectional area
with 45 mm X 10 mm rectangular sections. Their effects were analyzed, and the results
were compared with the case of no core usage in Table 1.

Table 1. Results of analyzing the inductance and coupling coefficient of two commonly used cores.

d = 600 mm D =900 mm
Model L (mH)
ode M (uH) Kk M (uH) Kk
No core 3.1680 19.0195 0.006004 6.4587 0.002039
Planar core 4.2740 26.2608 0.006144 8.3351 0.001950
U-shaped core 10.4267 31.7882 0.003049 9.7695 0.000937

The analysis results indicate that both types of cores increase the mutual inductance
(M). For the planar core, there is little change in the coupling coefficient (k), but an increase
in inductance (L) leads to a higher M. In contrast, the U-shaped core shows a halving of k,
while L more than doubles, resulting in a higher M. Consequently, while L is over twice
as high for the U-shaped core compared with the planar core, there is not a significant
difference in M between the two core structures.

As this is not an analysis based on optimized shapes, we cannot conclusively determine
the performance of both core shapes. However, it is expected that a WPT system using
a U-shaped core will achieve higher magnetic coupling efficiency, longer transmission
distances, and narrower bandwidth compared with a system using a planar core.

3.2. Effect of Core Placement

In the geometric design of cores around the coil, there are numerous variables that
can be adjusted, such as core shape, size, and position. Therefore, we first analyzed the
influence of cores positioned inside, outside, and at the bottom of the coil separately in
the surrounding space. Subsequently, we proceeded with the design by adjusting design
variables to derive the optimal core structure that maximizes the coupling coefficient. All
analyses were conducted with the two coil and core sets arranged symmetrically above
and below, with only the lower side shown in the subsequent figures.
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3.2.1. Inner Core

For the analysis of the effect caused by the inner core, we varied the width of the inner
core (w;), which is spaced 5 mm apart from the coil as shown in Figure 2, from 2 mm to
a maximum of 137 mm. The changes in k, M, and L were analyzed, and the results for
transmission distances of 600 mm and 900 mm are shown in Figure 3. Here, the increase in
w,; corresponds to a decrease in the inner diameter of the core.
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Figure 2. Core structures according to inner core width.

0.01 20 35 0.005 20 35
——k
50,008 30 50004 M 0
8 15 12s 5 SLIIS os
= .. = 2 Y
o 0.006 k w/o core 120 T S 0.003 T 120 T
S ~x| {10E & 3 0WE| =
- 155 o S5 s
.%00 004 e 2/1 ~ £ 0.002 % w/o core
B 10 = 10
3 lpo-oose oo -0 e oo BE E 5
8 0.002 5 8 0.001 5
0 0 0 0 0
0 50 100 0 50 100
Inner core width, W, [mm] Inner core width, W [mm]
(a) (b)

Figure 3. Analysis results of k, M, and L according to inner core width: (a) d = 600 mm;
(b) d =900 mm.

As the width (volume) of the inner core increases, k rises until the core is completely
filled, but the rate of increase gradually diminishes. In contrast, L experiences a significant
rise compared with the case without a core, but it is not substantially affected by the core’s
volume. In this way, filling the coil with the core maximizes k, but increasing the core’s
volume also raises costs, losses, and system weight. Therefore, it is essential to use the
core minimally. To achieve this, one can select the minimum core width that prevents the
magnetic field inside the core from reaching the saturation point on the B-H curve.

For example, when aiming to transmit 3 kW of power with a supplied current of 70 A,
the saturation level of the flux density varies with the core width, as shown in Figure 4. To
ensure that the system operates within the linear range of the B-H curve shown in Figure 5a,
the maximum internal flux density B within the core should not exceed approximately
400 mT. Therefore, from the graph of core center flux density versus core width shown in
Figure 5b, we can select a minimum core width of 10 mm that does not exceed this limit.
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Figure 4. Magnetic flux density and flux line distribution inside the core according to the inner core
width: (a) w.; = 6 mm; (b) w,; = 8 mm; (c) w,; = 10 mm; (d) w,.; = 12 mm.
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Figure 5. Magnetic characteristics of the core: (a) B-H curve; (b) flux density at the core center as a
function of core width.

In the following steps, the gap between the coil and the inner core can be considered.
L tends to increase as the core gets closer to the coil, but k can decrease because of the
proximity of the core to the coil, as seen in the case of the U-shaped core structure. When
the gap (g.;) between the inner core (with a width of 10 mm) and the coil is varied as shown
in Figure 6, the changes in k, M, and L are illustrated in Figure 7.
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Figure 6. Core structures according to the distance between the inner core and coil.
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Figure 7. Analysis results of k, M, and L according to the distance between the inner core and coil
(top) with an enlarged view of k (bottom): (a) d = 600 mm; (b) d = 900 mm.

The analysis reveals the existence of an optimal gap g7, between the inner core and
the coil that maximizes k. For a transmission distance of 600 mm, an optimal gap of
g% =25 mm is found, whereas for 900 mm, g’; = 20 mm provides optimal results. This
indicates that g; varies with transmission distance. Additionally, g7; also varies with the
width of the inner core w.;. For example, with w.; = 40 mm, g7; is found to be 20 mm
and 15 mm for transmission distances of 600 mm and 900 mm, respectively. Therefore, to
achieve maximum k, it is evident that the core should be positioned at a specific distance
from the coil depending on the core width.

The distribution of magnetic flux density and flux line according to the gap is shown
in Figure 8. The inner core enhances magnetic coupling by concentrating the magnetic field
around the coil cross-section towards the center of the coil. However, if the core is too close
to the coil, the magnetic field becomes concentrated only around the periphery of the coil,
leading to adverse effects. For this reason, it can be understood that an optimal gap exists.

B (mT)
35

3.0
2.5
2.0
1.5
1.0
0.5
0.0

(b)

Figure 8. Magnetic flux density and flux line distribution according to the separation distance
between the inner core and coil: (a) g,; = 5 mm; (b) g.; = 20 mm; (c) g.; = 40 mm; (d) g.; = 80 mm.

3.2.2. Outer Core

Secondly, we repeated the same process for the outer core, as shown in Figure 9, to
analyze the variations in k, M, and L. When a core is placed outside the coil, L increases,
but M and k significantly decrease. Additionally, as depicted in Figure 10a, as the width
of the outer core (w.,) increases, M and k decrease further, while L remains relatively
unchanged. Conversely, increasing the gap between the outer core and the coil (g¢,), as
shown in Figure 10b, causes L to gradually decrease, while M and k increase until they
converge to the values observed when no outer core is present.
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Figure 9. Core structures according to the outer core width and gap between the outer core and
the coil.
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Figure 10. Analysis results of k, M, and L based on the variation of the two variables of the outer core
(d = 600 mm): (a) width of the outer core; (b) gap between the outer core and the coil.

In other words, beyond a certain transmission distance, if the core is located outside
the coil, k decreases regardless of the width or gap. This is because an outer core positioned
outside the coil, as shown in Figure 11, shields the magnetic field, thereby reducing the
induced magnetic flux reaching the opposite coil. Therefore, for medium-distance power
transmission, unless it is for increasing k or for the purpose of magnetic shielding, the core
should not be positioned outside the coil. Accordingly, the outer core was excluded from
the subsequent process.
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Figure 11. Magnetic flux density and flux line distribution according to the gap between the outer

core and coil: (a) oo = 5 mm; (b) g = 50 mm; (c) without core.

3.2.3. Lower Core

Thirdly, the influence of the lower core beneath the coil, commonly used in both
planar cores and U-shaped cores, was analyzed. In accordance with Figure 12, the analysis
proceeded by increasing the internal length (I, ;) or external length (Io, o) of the core
located under the coil as observed in the cross-section. The increase in these lengths
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indicates a decrease in the core’s inner diameter and an increase in its outer diameter,
respectively.

e
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Figure 12. Core structures according to the inner and outer lengths of the lower core.

In the cross-section view, these lengths indicate how far the core extends beyond
the coil boundary. Thus, when I, = 0 mm, the actual width of the core matches the coil
width of 8 mm. Additionally, in the cross-section, a positive length signifies an increase in
the outer diameter of the lower core, while a negative length indicates a decrease in the
inner diameter. By varying the length of the lower core located 5 mm beneath the coil,
interpretations of changes in k, M, and L yield results similar to those shown in Figure 13.
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Figure 13. Analysis results of k, M, and L according to the inner and outer lengths of the lower core
(top) with an enlarged view of k (bottom): (a) d = 600 mm; (b) d = 900 mm.

As the lower core extends internally or externally, k shows a tendency to decrease
initially and then increase again. For a transmission distance of 600 mm, when the internal
length of the core I, ; reaches approximately 40 mm, k increases compared with the case
where there is no core. In the opposite case, the external length I, , must exceed 60 mm
for k to be greater than in the case without a core.

Similar to the influence of inner and outer cores, the effect of this lower core also
results from changes in the magnetic flux path. Depending on the length of the lower core,
the distribution of magnetic flux density and flux lines varies as depicted in Figure 14.
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Figure 14. Magnetic flux density and flux line distribution according to the length of the lower core:
(a) Iy, = 10 mm; (b) Iy, = 40 mm; (¢) I, = 80 mm.

Thus, when using a lower core for improving the magnetic coupling efficiency, it
can be concluded that the lower core’s length (outer diameter) should be designed to
meet at least a certain minimum length. Furthermore, for power transmission over a
certain distance, it becomes evident that the planar core structure beneath the coil is not the
optimal configuration.

3.3. Summary

The analysis of the effects of inner, outer, and lower cores on the coil yields the
following conclusions. Firstly, the inner core enhances k as it occupies more space within
the coil. However, optimizing the width while considering the magnetic saturation is
essential to minimize costs and losses. Additionally, there exists an optimal gap between
the coil and the core for maximizing efficiency. Next, regarding outer cores, they consistently
reduce k regardless of width or gap, suggesting that it is preferable not to use them when
aiming to enhance magnetic coupling, except for increasing L or for shielding purposes.
Lastly, concerning the lower core, when it is positioned within a specific area beneath the
coil, it reduces k. However, reducing the inner diameter further or increasing the outer
diameter beyond this area has the effect of increasing the decreased k once again. Therefore,
in subsequent core designs, we aimed to maximize k by utilizing a combination of inner
and lower cores beneath the coil.

It is noted that in this study, we assumed limited space and only utilized up to 15 cm
below the coil, with no use of the area beyond that. However, if this space is not restricted,
it is feasible to design the inner core with an increased length downward. As the inner core
length increases downward, k, M, and L all show a continuous upward trend. Thus, in
scenarios where the space beneath the coil is not restricted by circuits or shielding plates,
designing the inner core as long as possible enables more effective magnetic coupling.

4. Optimization of Core Structure

Based on the previously analyzed effects of core positioning, we designed the over-
all core structure to maximize magnetic coupling while minimizing the increase in self-
inductance L. However, due to the numerous spatial and structural variables and their
diverse combinations, it is not feasible to consider all of them simultaneously. Therefore,
this study performed stepwise optimization beginning with the most effective variables to
derive the most reasonable results. It is important to note that these optimal values may
vary depending on the target specifications and constraints of the system, and thus, they
should not be regarded as definitive solutions.

4.1. Combination of Inner and Lower Cores

In the previous analysis, the effects of the cores located inside, outside, and at the
bottom of the coil were examined. However, the trends may differ when using more than
one core. Therefore, the design was conducted by fixing the inner core and adding a bottom
core, then adjusting the design variables accordingly. When used in conjunction with the
inner core, the effects of the bottom core’s inner length I, ; and outer length ., , are shown
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in Figure 15. Here, the distance between the internal core and the coil g.; was the optimal
value of 20 mm when used independently.
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Figure 15. Effect of lower core length when combined with the inner core: (a) core structure;
(b) analysis results of k, M, and L (d = 600 mm).

Compared with Figure 13, which shows the effect of the lower core alone, Figure 15b
shows that k increases rapidly until I, = —30 mm, where the inner diameters of the lower
and inner cores become equal. This is because the magnetic flux path continues through
both cores as they come closer together. To maximize this effect, in subsequent designs, the
length of the internal core was increased by 5 mm downwards, and the two cores were
integrated into a unified structure.

In the analysis above, the optimal distance g7; between the internal core and the coil
was determined; however, this distance can vary depending on the presence of the bottom
core. Furthermore, because the two cores are connected, there also exists an optimal length
of the bottom core [, corresponding to g7;. As shown in Figure 16, [, can be obtained by
varying the length ., of the lower of the two connected cores. The analysis results show
that [}, = 55 mm at d = 600 mm (I}, = 49 mm at d = 900 mm).
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Figure 16. Effect of the length of the lower core integrated with the inner core: (a) core structure;
(b) analysis results of k, M, and L (d = 600 mm).

The length [}, varies depending on the transmission distance, gradually decreasing as
the distance increases, converging to approximately 45 mm. Therefore, the optimal length
of the bottom core can be selected as [, = 50 mm, which is between the optimal value
at d = 600 mm and the converging value. At this point, the distance between the internal
core and the coil is g¥; = 32 mm. In practical design, [., and g.; can be chosen based on the
target transmission distance, or g.; can be appropriately selected to adjust L. If designing
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for maximum M instead of k, g.; should be designed close to zero to place the internal core
as close as possible to the coil.

Similar to the case of single-core usage, the bottom core, when used in conjunction
with both cores connected, exhibits a complex trend in k as its length outward from the coil
increases. As illustrated in Figure 17, positioning the internal core at the optimal distance
g% = 32 mm while gradually increasing the length of the bottom core outward results in k,
M, and L showing trends similar to those depicted in Figure 18 at transmission distances of
d =300 mm, d = 600 mm, d = 900 mm, and d = 1200 mm.
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lls =110 mm

[ T — 1%, = 45 mm

i
(a) (b) ()
Figure 17. Core structures according to the length of the lower core when the inner core is located at

the optimal distance: (a) core structure; (b) optimal length when d = 600 mm; (c) optimal length when
d =900 mm.
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Figure 18. Analysis results of k, M, and L according to the length of the lower core when the
inner core is located at the optimal distance: (a) d = 300 mm; (b) d = 600 mm; (c) d = 900 mm;
(d) d = 1200 mm.

As shown in Figure 18a, for short transmission distances, I, increases, leading to a
continuous increase in k. Therefore, in near-field magnetic coupling systems, it is appropri-
ate to design the bottom core to extend beyond the coil radius (e.g., planar core). However,
for longer transmission distances, k exhibits an increase—decrease—increase pattern as the
length of the bottom core increases, as shown in Figure 18b—d. The length of the bottom
core at which k first reaches its maximum value is denoted as I, and this value ranges



Energies 2024, 17, 3711

12 of 18

from approximately 40 to 45 mm depending on the distance d. Figure 17 shows that this
value corresponds to the circumference of the bottom core being located directly beneath
the coil. Therefore, to achieve magnetic coupling over a certain distance, the outer diameter
of the bottom core should be designed so that it does not exceed the inner diameter of
the coil.

4.2. Adjusting the Core Angle

Based on the results of core placement and combination, it can be observed that k
decreases and then increases as the lower core extends beyond the outer diameter of the
coil. Specifically, within a certain range at the bottom of the coil, the core tends to decrease
the coupling coefficient. This phenomenon is attributed to the core altering the path of the
magnetic field, which increases the leakage flux. Thus, to enhance transmission distance, it
is essential to design the core outside the inner diameter of the coil, considering the flux
path. Therefore, to improve magnetic coupling, it is necessary to design the core outside
the coil’s inner diameter, considering the magnetic flux path.

As shown in Figure 19, the portion of the lower core extending outside the coil radius
is redefined as the outer core. By adjusting the angle of the core, positions that cause
adverse effects can be avoided. As the angle of the outer core 0., changes from —80 degrees
to 90 degrees, k, M, and L change, as shown in Figure 20.

00 = 90°
0z, = 65°~70°

(a) (b)

Figure 19. Core structures according to the angle of the outer core: (a) upward; (b) downward.
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2| e X PR R B S ol =
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0 - : Jo o 0.0075 : 0 35
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(a) (b)

Figure 20. Analysis results of k, M, and L according to the angle of the outer core: (a) —80~90°;
(b) enlarged view of 0~90°.

As the core angle approaches 6, = —80°, both k and M decrease, which aligns with
previous analysis of the effects caused by the external core. Conversely, when the core
angle is increased to move away from the coil, k reaches its maximum at the optimal core
angle 6}, = 65° and then starts to decrease. Additionally, as the core angle increases, the
distance between the core and the coil increases, leading to a decrease in L. Consequently,
M reaches its maximum at around 6., = 50°, which is less than 6.
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The optimal core angle, 07, also varies with the transmission distance. For a distance
d =900 mm, the 07, is 70 degrees. For distances beyond 900 mm, 6, tends to converge to
approximately 75 degrees. Therefore, similar to selecting the lower core length I, 67, can
be selected as 70 degrees, which is the midpoint between the optimal value at 600 mm and
the convergent value.

The effect of the core angle 6, varies depending on the coil shape, transmission
distance, and position and size of the core. Thus, it is impossible to generalize the optimal
core angle 07,. To understand the general trends, the optimal core angle 6. and the influence
on the coupling coefficient for different core positions can be simulated as shown in
Figure 21 and Table 2. The data for core positions and angles that decrease k below 0.6004

(the value of k without a core) were excluded.
k
0.006693
0.006578
0.006463
0.006349
+ 0.006234

- 0.006119

/. y=50
/ x = —140~100

0.006004
(=w/o. Core)

(@) (b)

Figure 21. Optimal placement angle of the core depending on position and its influence on the
coupling coefficient: (a) analysis range of core positions and angles; (b) magnetic flux distribution of
a coil without a core and the changes in the optimal angle and coupling coefficient with respect to
core position (d = 600 mm).

Table 2. Optimal core angle and maximum coupling coefficient for different core positions based on
distance x and y from the coil (d = 600 mm).

y =50 mm y=0mm y=—50 mm
x (mm) " " *
0, (deg) k 0, (deg) k 0, (deg) k

—140 -30 0.006085 0 0.006046 35 0.006052
—120 -20 0.006201 2 0.006149 27 0.006122
—100 -15 0.006330 4 0.006270 24 0.006202
—80 —-10 0.006461 5 0.006403 23 0.006288
—60 -5 0.006580 10 0.006547 24 0.006375
—40 -2 0.006652 * 12 0.006690 25 0.006450
-20 0 0.006590 16 0.006693* 26 0.006473 *

0 -10 0.006203 - - 35 0.006321

20 - - - - 50 0.006114

40 - - - - 65 0.006037

60 - - - - 75 0.006011

* Maximum coupling coefficients at each distance y.

The analysis results indicate that the core within the coil radius primarily increases
the coupling coefficient, k, and there is an optimal angle for this effect. However, due to the
characteristics of the IPT system, positioning a core above the coil is not feasible and was
therefore excluded from the design considerations. Additionally, adjusting the angle of the
internal core at x = 0 shows a less than 1% increase in k, and therefore, it was also excluded
in the design.
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4.3. Core Design Result

The final core design results are shown in Figure 22, and the outcomes of each design
variable are summarized in Table 3.

wg = 1.0 mm N

(b)

Figure 22. Optimal core design result: (a) design variables and optimal values; (b) configuration.

Table 3. Optimal core design variables and changes in k at each design step.

k
Ste Parameter Val
P aue d = 600 mm d =00 mm
- - - 0.006004 0.002031
Inner core Inner core width, w,; 10 mm 0.006462 0.002213
Inner core Inner core gap, g.; 25 mm 0.006691 0.002276
Inner core Inner core length, I ; 45 mm 0.006831 0.002325
Lower core Lower core length, I, 50 mm 0.007546 0.002521
(8ci = 32 mm)
length, I 4

Outer core guter core length, o 0 mm 0.008899 0.002970

uter core angle, 0, 70

Applying the designed core results in an increase in the coupling coefficient by ap-
proximately 41-52% compared with the case without the core, as shown in Figure 23. At
very close distances, the influence of the opposite coil significantly increases the coupling
coefficient. Excluding these extreme cases and comparing within the design conditions
between d = 600 mm and d = 900 mm, the coupling coefficient increases by an average
of about 46.9% due to the core application. The cause of this effect can be explained by
Figure 21. Examining the flux distribution and optimal core angle in Figure 21 indicates
that the optimal angle allows the coil’s flux to rotate at a larger radius. Consequently, the
flux distribution before and after applying the designed core changes as shown in Figure 24.

0.3 T T T T T T T T T 60

50

(=4
(3
[
T
/
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()
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130

Ak [%]

e Coil
——Coil + Core 20
— Ak

Coupling Cocflicient, &
s 2
— wn

=4

S

>
T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Distance, d [m]

Figure 23. Change in the coupling coefficient before and after core application as a function
of distance.
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B (mT)

0.12
0.11

(©) (d)

Figure 24. Changes in magnetic flux density and flux distribution before and after using the designed
core (d = 300 mm, identical L): (a) receiving coil; (b) receiving coil with core; (c) transmitting coil;
(d) transmitting coil with core.

5. Analysis of the Design Result

To evaluate the effectiveness of the designed core compared with conventional core
structures, we conducted a comparison and analysis with planar and U-shaped cores of the
same volume, as shown in Figure 25.

(a) (b) (©)

Figure 25. Core structures used for comparison/analysis: (a) planar core; (b) U-shaped core;
(c) proposed core.

Under the condition that the volumes of the three cores are the same, the thickness
of the planar core in Figure 25a was adjusted to 16.16 mm. Based on the analysis results
of the lower core length I, the core was restricted to ensure it did not extend beyond
the outer diameter of the coil. The U-shaped core in Figure 25b was adjusted to have a
uniform thickness while maintaining the same volume as the other cores. Accordingly,
the gap between all parts of the core and the coil was set to 3.26 mm. The results of
comparing the coupling coefficients based on the distance of the three cores are shown in
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Figure 26. For comparison, the y-axis, representing the coupling coefficients, is displayed
on a logarithmic scale.

1 T T T T T T T

= Without core
—— Planar core
—=— U-shaped core
0.1 ¢ —— Proposed core

Coupling Cocflicient, &
(=]
=t

0.001

0.0001 1 1 L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Distance, d [m]

Figure 26. Comparison of coupling coefficients for coil without core and coil with three types of cores
at varying distances.

The planar core increases the coupling coefficient k by approximately 13.5% at
close distances, but this increase rate diminishes as the distance increases. Within the
600-900 mm range, it shows an average increase in k of about 4.52%. Conversely, the U-
shaped core decreases the coupling coefficient more significantly as the distance increases,
with a reduction ranging from a minimum of 45% to a maximum of 70%. The proposed
core increases the coupling coefficient by approximately 52.3% at close distances and by
about 46.9% within the target distance range. Increasing the coupling coefficient at the
same distance implies achieving the same magnetic coupling efficiency at a greater distance.
In other words, under the same conditions such as self-inductance L, the proposed core
allows for the same power transmission efficiency at distances that are approximately 45 to
125 mm farther. However, the actual power transmission distance is determined by the
mutual inductance M, which is influenced by the self-inductance L that varies with each
core shape. Therefore, to make an accurate comparison, three different cores were applied
to the IPT system, and power transmission was simulated. A simple series LC resonant IPT
system was used, with the system specifications being detailed in Table 4. The inductance

and compensation capacitor sizes for each model with their respective cores are shown in
Table 5.

Table 4. Specifications of the system used in the simulation.

Parameter Value
Input voltage, Vs 10 Vims
Resonant frequency, fr 50 kHz
Source resistance Ry 5 ohm
Coil resistance, R 0.8 ohm
Load resistance, Ry, 5 ohm
Capacitor equivalent series resistance, Reap 1.7 ohm

Table 5. The inductance and compensation capacitor sizes for each model.

Model Inductance, L (mH) Compensation Capacitor (nF)
Coil without core 3.1680 3.1983
Coil with planar core 3.6661 2.7637
Coil with U-shaped core 14.1262 0.7173
Coil with proposed core 5.1583 1.9642

Figure 27 illustrates the power transmission as a function of distance for each core
used in the IPT system. In a 50 kHz resonant system, the power transmission distances
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for the planar core and U-shaped core are 594 mm and 660.5 mm, respectively. Compared
with the case without a core (549 mm), this results in an increase in transmission distance
of 45 mm and 111.5 mm, respectively.

2.5
e Without core
—»— Planar core
— . .
= 2t —=— U-shaped Core |
: —— Proposed core
[~
[T -
=z 1.5F
=]
-9
=
=]
Zr
]
ow
£
= 05F

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Distance, d [m]

Figure 27. Change in the power transmission distance of the IPT system with each core used.

Despite reducing the coupling coefficient, the U-shaped core increases the power
transmission distance due to its high self-inductance L. However, the very high L increases
the system’s quality factor (Q), thereby narrowing the bandwidth. Consequently, systems
utilizing a U-shaped core will experience a significant reduction in output with even a
slight frequency misalignment. Considering these points, it can be concluded that the
proposed core is an effective design that maximizes the increase in power transmission
distance by enhancing k without causing a significant rise in L.

6. Conclusions

In this study, we optimized the design of magnetic cores for helical coils in inductive
power transfer (IPT) systems to improve efficiency and transmission distance. Using finite
element analysis, the effects of inner, outer, and lower cores were analyzed, leading to
the development of a new core design process that integrates inner and lower cores at
optimal angles.

The proposed core design significantly enhances the coupling coefficient (k) without
substantially increasing self-inductance (L), compared with conventional planar and U-
shaped cores. Additionally, when applied to wireless power transfer, the designed core
demonstrates a significant improvement in transmission distance due to its higher magnetic
coupling efficiency. The lower self-inductance compared with the U-shaped core allows the
system to have lower frequency instability and voltage stress.

The proposed core design can also be applied to increase output or efficiency at the
same transmission distance. Therefore, the study results are expected to enhance IPT
performance in various aspects.
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