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Abstract— In this paper, we propose a three-dimensional
(3D) wireless power transfer (WPT) system using highly
isolated orthogonal coils for expanding spatial freedom. The
proposed transmitting coil is arrayed with highly isolated
orthogonal coils. The proposed 3D WPT coil can transmit
the power to the receiving coil regardless of lateral and
angular misalignments of receiving coil through all directions
magnetic fields generated by isolated coils. For the performance
verification, the power transfer efficiency (PTE) under the lateral
and angular misalignments in the operating area is measured and
compared with the conventional WPT system and the proposed
3D WPT system. The proposed 3D WPT system is matched at 6.78
MHz and achieves approximately 50% or more PTE regardless
of all lateral and angular misalignments when the receiving coil is
set to 180 x 180 mm? and the PTE is measured in the operating
area of 300 x 300 x 300 mm®.

Keywords — highly isolated orthogonal coils, lateral and
angular misalignments, three-dimensional wireless power
transfer.

I. INTRODUCTION

Wireless power transfer (WPT) technology has become
a key technology with the development of a variety of
mobile devices, because of the significant advantage of being
able to provide full mobility to diverse systems that require
power. WPT can be divided into the near-field and far-field
technologies. The far-field WPT technology uses radiated
energy through the antennas having high efficiency. This
technology can transmit high power up to a long distance, but
the power transfer efficiency (PTE) of the system is very low.
Also, far-field technology for use is difficult because far-field
technology has the problem of electromagnetic interference
on electric devices and the electromagnetic field about human
safety. Near-field WPT technology can be divided into two
methods, magnetic induction and resonance. The magnetic
induction method uses magnetic induction between the first
and second coils and uses frequencies of hundreds of kHz,
the transmission distance is several mm or less, and the
transmission efficiency is about 90% in areas below 1 mm.
This approach has a very high PTE but is very sensitive
to transmitter-receiver alignment. Most of the commercially
available products currently use a method of magnetic
induction. The magnetic resonance method is a special case of
electromagnetic induction and is a method using a resonance
coil to use a resonance phenomenon between transmitting and
receiving coils. It uses frequencies of several MHz and has a
transmission distance of 1 m or less. The magnetic resonance
method has high PTE, a mid-range operating distance, and
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relatively low sensitivity to the alignment. However, magnetic
resonance technology’s efficiency varies greatly depending on
lateral and angular misalignments of transmitting and receiving
coils. To resolve these concerns, coil structures that can
generate magnetic fields in all directions are required.

Various research has been proposed to improve the
efficiency under the misalignment [1]-[22]. To improve the
efficiency due to lateral misalignment, a hybrid array resonator
structure [1]-[2], a coil with metamaterials [3], stacked
coils with different size coils [4], and coils with extended
transmission areas [5] were proposed. To improve efficiency
according to the operating distance, module integrated coil
with metal-plated for eddy current [6], the antiparallel loop
with constant mutual inductance [7], transmitting coil with
an auto-matching system [9], and three coil WPT system
with surface resonator [10]. However, although these studies
have improved PTE in distance or lateral misalignment,
the efficiency under the angular misalignment does not
improve. Helmholtz coil with automatic frequency tracing
technique [13], phase-shift controlled multiple coils [14],
orthogonal coils [15], cylinder and cube shape coils [16]-[21],
and overlapping coils [22] have been proposed to increase
transfer efficiency under lateral and angular misalignments.

In this paper, the 3D WPT system for improved spatial
freedom using highly isolated orthogonal multiple coils is
proposed. Each orthogonal coil generates magnetic fields in the
-, y-, and z-direction and can transfer power under the angular
misalignment of receiving coil. The proposed 3D WPT system
that operates at 6.78 MHz improves the transfer efficiency
under lateral and angular misalignments for the receiving coils
within the charging area. The improved transfer efficiency
is shown by comparing the PTEs of the conventional WPT
system and the proposed 3D WPT system.

II. PROPOSED HIGHLY ISOLATED MULTIPLE COILS
A. Operating principle of the proposed 3D WPT system

Fig. 1 shows the concepts of the 3D WPT system for
improved lateral and angular misalignments. The proposed
3D WPT system supports power transmission under lateral
and angular misalignments of the receiving coil using highly
isolated orthogonal coils. The proposed WPT system has five
coils with two cases of configuration. Coils 1-4 are located
on the zz or yz plane and coil 5 is located on the xy plane.
In Figs. 2(a)-(c), the transmitting coil 5 generates the H,
field, whereas transmitting coils 1, 3 and coils 2, 4 generated
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Fig. 1. Concept of the proposed 3D WPT system using highly isolated
multiple coils.
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Fig. 2. Magnetic field of each operating case of the highly isolated coils: (a)
H field, (b) H, field, (c) Hy field, and (d) H field

the H, and H, fields, respectively. The orthogonal coils
can transfer the power regardless of angular misalignment
because each transmitting coil generates the z-, y-, z-axis
magnetic field. Fig. 2(d) shows the magnetic field distribution.
In this case, the x-, y-, z-axis magnetic fields are generated
when all transmitting coils are operated at the same time.
In order to radiate the magnetic field of each axis without
mutual interference, it is necessary to secure high isolation
between coils. In this paper, to design a transmitting coil
having high isolation between transmitting coils, the overlap
interval between each coil with minimal mutual inductance
was calculated by setting parameters of the 2D and 3D
multi-coils structures as shown in Fig. 3. In Fig. 3, each coil
was divided into respective conductors. Each conductor of each
coil was grouped into a—e. In Fig. 3(a), the width of the coil
and the gap between the two coils used in the calculation are
300 mm and 2 mm, respectively. As shown in Fig. 3(b), the coil
structure in which a part of one side extends from one planar
coil and is folded and overlapped along the outer surface of
one adjacent coil is proposed. Each coil’s width and length are
300 mm.

The calculated and simulated results of the mutual
inductance of each structure are shown in Fig. 4. The mutual
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Fig. 3. Coil configuration for the mutual inductance calculation: (a) 2D coil
and (b) 3D proposed coil
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Fig. 4. Mutual inductance depending on the overlap distance and thickness:
(a) 2D coil and (b) 3D proposed coil.

inductance is calculated by Neumann formula of

M:@% 7{ dlydly 0
47T ci JC, T

where C; and Cy are the integral path of the conductor
element of each coil, dl; and dl, are the lines of C; and
Cs, respectively, and r is the distance between dl; and dis.
As shown in Fig. 4(a), if the 2D coils are overlapped by 96
mm, the mutual inductance is minimized, and the coils are
isolated. Fig. 4(b) is the result of analyzing the minimum
mutual inductance by adjusting the length of the conductor
corresponding to thickness (t). The proposed 3D coil satisfies
the minimum mutual inductance even if the overlap interval ¢
is only about 20 mm, which is a reduction compared to the
2D overlapping coil analyzed earlier. In Fig. 4, the difference
in the overlap between the simulation and calculation was
caused by the coupling between the coils not considered in
the calculation

B. Proposed WPT system for improved lateral and angular
misalignments

Fig. 5 shows the configuration and parameters of the
conventional and proposed 3D WPT system using highly

Table 1. Parameter of the conventional and proposed WPT system

he | Ir
Unit (mm) | 300 | 300 | 298 | 298 | 300 | 180 | 180

Parameter ‘ le1 ‘wd leo ‘wcz Wr

Parameter | l;1 | wer | leo | wee | her | heo |

Unit (mm) \ 300 \ 300 \ 208 \ 208 \ 300 \ 160 \ 20
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Fig. 5. Configuration of the (a) conventional WPT coil, (b) proposed highly
isolated WPT coil, and (c) receiving coil.
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Fig. 6. Characteristic of the proposed WPT system: (a) reflection coefficients
of the conventional and proposed transmitting coils, (b) isolation between each
coil of the conventional and proposed transmitting coils.

isolated coils. Fig. 5(a) shows the conventional 3D WPT coil.
Figs. 5(b)-(d) show the proposed highly isolated transmitting
coil and receiving coil. The conventional and proposed
transmitting coils consist of five coils. In Fig. 5(b), coil 5
of the proposed coil is perpendicular to coils 1-4 and is
arranged to have isolation by ensuring a distance from the
overlapping area. The transmitting and receiving coils were
manufactured using 2 mm copper wire. The proposed 3D
WPT system was optimized using Advanced Design System
2021. The parameter of the conventional and proposed coils are
shown in Table 1. The proposed coil was impedance matched
to 6.78 MHz using an impedance-matching circuit.

Fig. 6(a) shows the reflection coefficient of the proposed
transmitting and receiving coils. Each coil of the proposed
3D WPT system was matched to less than -20 dB at 6.78
MHz through the matching circuit. The proposed coil is
more frequency selective because they are not affected by
coils in adjacent areas due to the high isolation. Fig. 6(b)
shows the isolation of each coil of the convention and
proposed transmitting coils. The isolation of the conventional
transmitting coil between each coil is approximately -1 dB, but
the isolation of the proposed transmitting coil between each
coil is -30 dB or less. As the result, the proposed 3D WPT
system has high isolation.

III. RESULTS AND DISCUSSTIONS

To verify the performance under lateral and angular
misalignments in the proposed 3D WPT system, the
characteristics according to the rotation of receiving coil were
compared with the conventional WPT system and the proposed
3D WPT system. The operating area of conventional and
proposed 3D WPT systems is 300 x 300 x 300 mm3.
Figs. 7(a)—(b) show the proposed transmitting and receiving

Circuit

A &

(c) (d)

Fig. 7. Implemented proposed 3D WPT system: (a) proposed transmitting
coil, (b) receiving coil, and (c)—(d) measurement setup of transfer efficiency
with regard to angular misalignments.
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Fig. 8. Measured transmission coefficient with respect to the state of the
receiving coil

coils. To compare the transfer efficiency of the WPT system
in charging where the receiving coils are arranged, the
transmission coefficients of the conventional and proposed
3D WPT systems were measured using the network analyzer.
Fig. 7(c)—(d) shows measurement setup for transfer efficiency
due to a misalignment in the operating area using measuring
equipment.

Fig. 8 shows the measured transmission coefficient of
the conventional and proposed 3D WPT systems for each
angle when the receiving coil rotates on the roll, pitch,
and yaw angle. The conventional 3D WPT system has a
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maximum efficiency of 58.27% (-2.345 dB) and minimum
efficiency of 43.92% (-3.573 dB) in the charging area. The
proposed 3D WPT system has a maximum efficiency of
88.53% (-0.529 dB) and a minimum efficiency of 53.44%
(-2.721 dB) in the charging area. In comparison with the
conventional WPT system, the proposed system has a high
isolation of -30 dB or more between each coil and enables
power transmission with high efficiency of approximately
88.53% in the lateral and angular misalignments of receiving
coil without an auto-matching circuit.

IV. CONCLUSION

The proposed 3D WPT system using multiple highly
isolated coils for spatial freedom in the operating area has
the uniform PTE for lateral and angular misalignments of the
receiving coil. The proposed 3D WPT system has a PTE of
approximately up to 50% when the receiving coil is disposed
and rotates at any angle in all sections of the operating area of
300 x 300 x 300 mm?>. The proposed 3D WPT system can
be used in markets and companies where wireless charging
methods with spatial freedom are used.
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