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Abstract

In order to solve the problems of low power transfer efficiency (PTE) and limited distance in
magnetic coupling resonant wireless power transfer (MCR-WPT) technology. In this paper,
based on the magnetic field control ability of metamaterials (MM:s), the way to improve the
performance of MCR-WPT systems is studied. First, the influence of MMs on the coupling
of MCR-WPT system is theoretically analyzed by establishing an equivalent circuit model.
Through a series of simulations and experiments, the relationships between the PTE and the
array and placement of the MM slab are investigated. The results demonstrate that when one
MM slab is placed in the middle, near the Tx coil or the Rx coil, the optimal PTE can be obtained
by inserting one slab with 6 x 6, 1 x 1, and 6 x 6 arrays, respectively. Moreover, the systems with
multilayer MM slabs are also studied. The measured PTEs on one, two, and three layers of MM
slabs can increase by 20.6%, 29.3%, and 22.6%, respectively. The efficiency improvement capa-
bility of one MM slab is better than three slabs but worse than two slabs. This paper discusses
the application of MMs in MCR-WPT systems, which has a certain reference significance.

Introduction

Wireless power transfer (WPT) is a novel energy transfer technology that transfers electrical
energy from the power source to a load without direct contact with charging equipment. WPT
technology avoids the deficiencies of traditional wired power transfer, such as poor flexibility
and low safety. In 2007, Soljacic’s proposed a magnetic coupling resonant WPT (MCR-WPT)
technology [1]. This technology is based on magnetic resonance theory and relies on near-field
resonant coupling. Because MCR-WPT technology has the advantages of moderate transmis-
sion distance and power, it has been employed in electric vehicles, medical equipment, and
portable electronic products [2-4]. However, the power transfer efficiency (PTE) drops dra-
matically as the distance increases. Improving transmission performance has become a research
topic for MCR-WPT technology.

Currently, there are several approaches to improve the PTE of MCR-WPT systems, including
designing a high-Q resonant coil and adding a relay coil or metamaterial (MM) slab [5-7]. As
a composite material, MMs have many exotic properties, including the Doppler effect, inverse
Cherenkov radiation, and negative refraction index [8]. Therefore, it has been used in a wide
range of fields including invisible cloak, superlens, and magnetic resonance imaging [9-11]. The
negative refraction index has shown great potential in the MCR-WPT technology because it can
enhance evanescent waves and improve the coupling between coils. In 2010, Choi et al. proposed
an MM with a real part of permeability equal to —1 [12]. It was demonstrated that the negative
permeability MM was used to improve the PTE of MCR-WPT systems. Urzhumov presented
a theoretical analysis on the MCR-WPT system with MM, in which the coil was regarded as a
magnetic dipole and the MM slab as infinite [13]. It indicates that even if MMs have a loss, the
PTE of systems with the MM will be higher than that of the original system. In addition, the
effect of different MM structures on the PTE of systems was investigated by Li et al. [14], and
the results showed that the ranking of the four structures on performance improvement of the
system is as follows: 3D > 2-slab > 1-slab > 2D. Although a great deal of work has been carried
out on the MCR-WPT system with MMs, there are few studies on the influence of the period,
position, and layer of MM slabs on the system.

In this work, the influence of the MM on PTE of the MCR-WPT system is investigated
to improve its performance. First, the regulation principle of the MM in the electromagnetic
field is theoretically analyzed. The MCR-WPT system working at 6.78 MHz is built in the
high-frequency simulation software HFSS. A negative permeability MM with the advantages
of lightweight and small size is designed and fabricated to meet the requirements of the system.
Then, six arrays of slabs are constructed by MM units, which are placed in different positions of
the system to evaluate the impact of MMs on PTEs under different conditions. The experimental
measurements show that the highest PTE improvement increases by 20.6% through inserting
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Figure 1. The equivalent circuit diagram of dual-coil MCR-WPT system.

a6x6 MM slab in the middle. When the MM slab is near the Tx coil
or Rx coil, a1 x 1 or 6 x 6 MM slab should be used for the optimal
PTE, respectively. Beyond that, the systems with two MM slabs and
three MM slabs are also investigated. The measured PTEs of the
systems with two slabs and three slabs increase by 29.3% and 22.6%,
respectively. The experiment results show that the improvement of
two MM slabs is better than one slab and three slabs.

Analysis of MCR-WPT system with MM
Theoretical analysis on a dual-coil MCR-WPT system with MM

Circuit theory and coupled mode theory are general methods
to evaluate the transmission performance of MCR-WPT systems.
Compared with the four-coil MCR-WPT system, the dual-coil sys-
tem has the advantages of simple structure and excellent space
occupation, so the dual-coil MCR-WPT system is analyzed, which
consists of Tx and Rx coils. According to the equivalent circuit the-
ory, the plane spiral coil can be regarded as a circuit composed of
resistance, capacitance, and inductance, and the equivalent circuit
diagram is shown in Fig. 1.

M, is the mutual inductance between Tx and Rx coils. V, R,
and Z; represent power source and source resistance and load
resistance, respectively. R;, L, and C, denote the resistance, induc-
tance, and capacitance of the Tx coil, respectively. R, L, and C,
denote the resistance, inductance, and capacitance of the Rx coil,
respectively. According to the equivalent circuit model, the KVL
equation can be obtained

Ry + jwL + R, + L) I, — juM,I, = V,
. )
Rr +jWLr + ZL + ]w;C) Ir _jwMtrIt =0

In a deep subwavelength, MMs can also be represented by RLC
circuits. The capacitance is derived from the scattered field formed
between the resonator, and the inductance is determined by the
induced current distribution of the resonator structure. The resis-
tance and induced current distribution are related to the ohmic
loss of the unit. Thus, the equivalent circuit diagram of a dual-coil
MCR-WPT system with MMs is represented in Fig. 2.

By using the equivalent circuit theory and the mutual coupling
theory, the KVL equations of the MCR-WPT system with MMs can
be shown as follows:

(Rs +jWLt + R+ w%) I +jWMtiIi +jWMtrIr =V

JwMyl, + (R,- + jwL; + w%) I+ joMyl; + jwMyl = 0
(Rt + 23+ = ) I+ ol — oM T, = 0
Jwly

)
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Figure 2. The equivalent circuit diagram of a dual-coil MCR-WPT system with MMs.

M,; and M,; represent the mutual inductance between the Tx
coil and the ith unit and the mutual inductance between the Rx coil
and the ith unit, respectively. M; is the mutual inductance between
the ith unit and the jth unit (i # j).

Electromagnetic field requlation of MMs

It is known from Maxwell’s equations that for conventional mate-
rials, their wave vector {k, electric vector {E, and magnetic field
{H obey the right-handed rule. In 1967, Veselago predicted the
properties of left-handed materials [15], that is, materials with neg-
ative permittivity and permeability. It was not until 2001 that Smith
experimentally proved that left-handed material has a negative
refractive index [16].

According to Snell’s Law, reflection and refraction occur when
electromagnetic waves are incident from one media to another.
Assuming that both media are conventional materials, the incident
wave and the refracted wave will lie on both sides of the normal.
If a medium is a left-handed material, the refracted wave and the
incident wave will be on the same side of the normal because of
the need to meet the requirements of the continuity boundary
condition, as shown in Fig. 3.

Considering the negative refraction effect of the MM, if it is
placed between the Tx coil and Rx coil, the magnetic field induced
by the current in the Tx coil passes through the MM and under-
goes negative refraction to concentrate the magnetic field around
the Rx coil. For the MCR-WPT system without the MM slab, the
magnetic field will diverge during propagation, as shown in Fig. 4.
When adding an MM slab in the system, the magnetic field distri-
bution near the Rx coil is significantly improved. In other words,
MMs increase the PTE of the MCR-WPT system by improving the
magnetic field density and enhancing the coupling of the resonant
coils.

Application of negative permeability MM in MCR-WPT
system

Design of MCR-WPT system with MMs

Based on the practical application of wireless charging, a dual-coil
MCR-WPT system with resonant frequency at 6.78 MHz is pro-
posed, and their structural parameters as shown in Table 1. The
Tx coil and Rx coil are both planar spiral coils wound with copper
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Figure 3. Schematic diagram of interface refraction.
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Table 1. Geometry parameters of Tx and Rx coils 6 row noon -+~ s=2mm| |
Parameters Value
24
Coil outer diameter 35cm 2
24
Coil inner diameter 20cm E 1
0+
Turn 8
- 2
Copper tube radius 3mm
Turn spacing 8mm 47
Resonant frequency 6.78 MHz

tubes, which have the advantages of compact structure and easy
installation.

MMs have both negative permittivity and permeability; how-
ever, in a deep subwavelength, the magnetic field and electric field
are decoupled. Therefore, the amplification of evanescent waves
can be realized only by promising that the effective permeability is
negative [17]. In general, MMs are composed of substrate and res-
onator. When electromagnetic waves are vertically incident on the
surface of MMs, a circular current will be induced on the resonator
and charges will also accumulate in the gaps of the spiral turns. At

Permeability

this point, the MM can be regarded as the RLC resonant circuit, 3 4 5 6 7 8 9 10
which conforms to the like-Lorentz model to produce a negative Frequency (MHz)
permeability [18]. (d)

Since the constitutive parameters of the MM are determined ) . e
by its structure. the permeability will change with its struc- Figure 5. Effective permeability of the MM with different structure parameter
y 1 > p y i & . variation: (a) turn of spiral N, (b) line width of spiral w, (c) line spacing of spiral s,
tural parameters. Figure 5 shows the relationship between the  and (d) thickness of substrate t.
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Figure 6. Geometry of the MM: (a) top view, (b) bottom view, and (c) side view.

permeability of the MM and its structural parameters; the solid line
represents the real part of the effective permeability and the dashed
line represents the imaginary part. It is worth noting that when
one parameter is changed, the rest remains unchanged. When the
number of spiral turns N increases, the capacitance and induc-
tance of the MM also increase and the resonant frequency and
permeability decrease. If the line width w of the spiral increases,
the resonant frequency also decreases. Increasing the line spacing
s will reduce the coupling between the spirals, contributing to the
resonant frequency shift to high. In addition, the purpose of reduc-
ing the resonant frequency can also be achieved by decreasing the
thickness ¢ of the substrate.

Based on the above analysis, the design rules of MMs can be
summarized that increasing the number of turns and line width
of the spirals will reduce the resonant frequency; on the con-
trary, increasing the spacing of the spirals and the thickness of the
substrate will increase the resonant frequency.

In order to satisfy the needs of the MCR-WPT system, an MM
with a real part of effective permeability of —1 at 6.78 MHz is pro-
posed according to the design rules, in which the substrate is an
FR-4 and the resonators are copper. The resonators are etched on
both sides of the substrate by the printed circuit board, and the
structure is shown in Fig. 6. In this way, not only low-frequency
MM can be obtained but also the coupling between the topologi-
cal structures on both sides can be enhanced [19], and the specific
structural parameters are shown in Table 2.

From the above analysis, it can be concluded that increasing
the number of turns and line width of the spirals will reduce the
resonant frequency; on the contrary, increasing the spacing of the
spirals and the thickness of the substrate will increase the resonant
frequency.

The negative permeability MM is optimized and designed in
the high-frequency magnetic field simulation software HFSS by
using full-wave simulations. Then the effective permeability is cal-
culated by the S-parameter retrieval based on the Kramers-Kronig
relationship [20, 21], and the real and imaginary parts of the per-
meability are extracted, respectively. Figure 7 shows the effective
permeability of the MM; the real part is negative at 6 to 8.1 MHz,
where the real and imaginary parts are —1 and 0.45i at 6.78 MHz,

Xingming Fan et al.

Table 2. Geometry parameters of Tx and Rx coils

Symbol Parameters Value
a Length of side 65mm
N Turn 15
D Outer spiral length 60 mm
d Inner spiral length 42mm
w Line with 0.5mm
g Line spacing 0.3mm
h Copper thickness 0.035mm
t Substrate thickness 1.6mm
T T T T
54 — real part b

I - - — imaginary part| {

Permeability

T T T

2 4 6 8 10 12
Frequency(MHz)

Figure 7. Effective permeability of the MM.

Rx coil Bx cail Rx coil d
MM slab ;
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MMslb D i b
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Tx coil Txcol ' Tx eall
(a) ®) (<)

Figure 8. Schematic diagram of MM slab placed at different positions of the
MCR-WPT system: (a) in the middle, (b) near the Tx coil, and (c) near the Rx coil.

respectively. The imaginary part of the permeability represents its
loss.

Simulations of MCR-WPT system with MMs

In order to study the influence of MMs on the PTE of the MCR-
WPT system, the focusing effect of MM slab with various arrays on
the PTE of the system when they are inserted in different positions
are studied; the three positions are shown in Fig. 8. The MM-based
MCR-WPT system consists of the Tx coil, the Rx coil, and MM
slabs, where D is the transmission distance between Tx and Rx
coils and d is the distance from the MM slab to the coil, fixed
at5cm.
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Figure 9. Comparison on magnetic field distribution of the MCR-WPT system: (a) without MM slab, (b) 6 x 6 MM slab in the middle, (c) 1 x 1 MM slab near the Tx coil, (d)
6 x 6 MM slab near the Tx coil, (e) 1 x 1 MM slab near the Rx coil, and (f) 6 x 6 MM slab near the Rx coil.

To observe the magnetic field distribution of the MCR-WPT
system, an MCR-WPT system operating at 6.7 MHz is built in
HESS to perform simulation, as shown in Fig. 9(a). Moreover, the
systems with 1 X 1 to 6 x 6 MM slabs placed in five different
positions are also constructed. Figure 9(b)-(f) shows the results of
different MM slabs at three positions in the system, respectively.
Compared with the MCR-WPT system without the MM slab, the
magnetic field intensity of the system with the MM slab is improved
to varying degrees. When the MM slab is placed in the middle
of the system, the improvement of the magnetic field distribution
increases with the increase of arrays. When the MM slab is close to
the Rx coil, the enhancement in the magnetic field distribution of

the system is consistent with the trend in the middle position, but
the improvement is slight. It is worth noting that onlya 1 x 1 MM
slab can improve the magnetic field density when it is close to the
Tx coil, for the other arrays of MM slabs will significantly weaken
the magnetic field density. It is demonstrated that the magnetic
field is amplified by the negative permeability MM.

It can be seen from the simulation results that when the MM
slab is in the center between the Tx coil and the Rx coil, the
magnetic field is focused and enhanced after passing through the
slab perpendicularly, thereby improving the PTE of the MCR-
WPT system. Moreover, when the slab is placed near the Rx coil,
since the magnetic field has already dissipated in the propagation,
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the effect of improving the transmission efficiency is small.
However, when the MM slab is close to the Tx coil, the large size of
the slab is responsible for the resonant frequency of the MCR-WPT
system shifting, so the system is not resonant, and the PTE drops
dramatically.

Experiment verification

The dual-coil MCR-WPT system is shown in Fig. 10, which con-
sisted of the RF power supply, impedance matcher, Tx coil, Rx coil,
oscilloscope, DC power source, supply voltage module, load resis-
tor, and MM slabs. The RF power supply is responsible for inputting
the alternating current of the operating frequency to the system,
and the impedance matcher is used to obtain the maximum power
output through the load impedance and the internal impedance of
the excitation source to match each other. Due to the manufactur-
ing errors of the coils, it is necessary to add tuning capacitors to
ensure that the two coils resonate at 6.78 MHz to make the system
reach maximum PTE.

For experiments, six periodical arrangement MM slabs are fab-
ricated, as shown in Fig. 11. To study the effect of the MM slab on
PTE, the MM slab is inserted in the system. The Rx coil is con-
nected with a 60 €2 load. The power supply voltage module and the
oscilloscope are used to measure the voltage across the load, and
the PTE can be calculated by the output power and voltage values.

Supply voltage
module

Y—vy | 1

Figure 10. The experimental setup of the MCR-WPT system with MM slabs.

(a) (b) (c)
(d) (e) (6}

Figure 11. MM slabs of different periodic arrangements: (a) 1 x 1 array, (b) 2 x 2
arrays, (c) 3 x 3 arrays, (d) 4 x 4 arrays, (e) 5 x 5 arrays, and (f) 6 x 6 arrays.

One MM slab

Xingming Fan et al.

Six kinds of MM slabs are placed in the middle of the system, the
Tx coil, and the Rx coil, respectively. At the same time, the trans-
mission distance of the system is changed and the change of the
PTE of the system is measured. Fig. 12(a) shows the curve of the
PTE change of the MM slabs when they are placed in the middle
of the system, and it can be seen that the PTE increases with the
increase of the period. It is worth noting that when the periodic
arrangement changes from 1 X 1 to 3 x 3 arrays, the increase is
small. When it is greater than 3 x 3 arrays, the PTE is significantly
improved. The most improvement can be achieved when the slab is
at 6 x 6 arrays, and the maximum efficiency improvement of 20.6%
can be obtained. The PTE changes when the MM slab is placed
near the Tx coil as shown in Fig. 12(b), and the efficiency can be
improved by 9.2% at most under the condition when the array is
1 x 1. Compared with the middle position, the MM slab witha 1 x 1
array is more suitable to be placed near the Tx coil. However, the
PTE will drop with the increase of the array. Figure 12(c) shows the

Efficiency(%)

—— without MM slab

—— 1x1 array
—— 2x2 arrays
+— 3x3 arrays

<+ 4x4 arrays|
+— 5%5 arrays|
+—— 66 arrays|

0 T

20 30 40 50 60
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(@)
80 T T T
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70 —e— 1x1 amay < 4x4 arays|q
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Efficiency(%)
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+— 66 arrays|

20 30 40 50 60
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80 T T T
—=— without MM slal
704 —<— 1x1 array <+~ 4x4 arrays|
[—+— 2x2 arrays +— 5x5 arrays|
60 - . —+— 33 arrays +— 6%6 arrays) |

Efficiency(%)

20 30

Figure 12. PTEs of MCR-WPT system with one MM slab: (a) in the middle, (b) near

the Tx coil, and (c) near the Rx coil.
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Figure 13. The relationship between the spacing of two MM slabs and PTEs.

curves of PTE changes when the MM slab is placed near the Rx coil.
It can be seen that the influence of placing MM slabs with different
periods near the Rx coil on the PTE is basically the same as that of
placing them in the middle of the system, but the improvement is
poor, even if the MM slab with 6 x 6 arrays can only be improved
by 12.7% at most.

It can be concluded from the above results that when the MM
slab is placed in the middle of the MCR-WPT system, the six kinds
of arrays can all improve the PTE, and the maximum improvement
is obtained by using a slab with 6 x 6 arrays. When the MM slab is
closed to the Tx coil, only a 1 x 1 array can achieve the improvement
for the system, but the improvement is small. Note that if the array
exceeds 1 x 1, the PTE will drop. The reason for this phenomenon
may be that the frequency splitting caused by the strong coupling
between the MM slab and the MCR-WPT system in the near field
leads to a significant drop in efficiency [22, 23]. When the MM slab
is placed near the Rx coil, the trend is basically the same as when
itis placed in the middle of the system, but the improvement effect
is small. The experimental results indicate that MMs can achieve
enhanced magnetic coupling and improve the PTE of the MCR-
WPT system.

In order to further improve the PTE for MCR-WPT system,
two MM slabs are used in the system. When two MM slabs are
employed, it is necessary to investigate the influence of the spacing
g1 between two MM slabs on the PTE because g, is an important
parameter. First, the distance between the Tx coil and the Rx coil is
fixed at 30 cm and change the spacing of two slabs with 6 x 6 arrays.
The relationship between PTE and g, is measured, and the result
is shown in Fig. 13. It can be seen from figure that the curve of the
PTE of the system changes with the increase of g. The highest PTE
is 77.2% when g; = 5 cm. Compared with the system without MM
slab, the PTE of the system with two slabs is improved by 29.3%.

Based on previous experiments, when two MM slabs are placed
in three positions, respectively, their arrays are consistent with one
slab. When two MM slabs are placed in the middle of the system,
6 x 6 arrays can obtain the optimal improvement. The experimental
result is shown in Fig. 14(a); two MM slabs reach a maximum PTE
improvement of 29.3% when the distance is 30 cm, which is 8.6%
higher than one MM slab. Because the MM slab is placed near the
Tx coil, only 1 x 1 array can improve the PTE, so two MM slabs
with a1 x 1 array are also inserted at the same position. The experi-
mental result is shown in Fig. 14(b), and the PTE is obtained 13.1%
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Figure 14. PTEs of MCR-WPT system with two MM slabs: (a) in the middle, (b) near
the Tx coil, and (c) near the Rx coil.

at 30 cm, which is 3.9% higher than that of one MM slab. Fig. 14(c)
shows the PTE change curve when two MM slabs with 6 x 6 arrays
are placed close to the Rx coil, and the PTE is improved by 16.8%,
which is 4.1% higher than that of one MM slab. Therefore, the mag-
netic field enhancement of two MM slabs is better than that of one
slab, which can obtain a larger improvement for the PTE.

In addition, PTE of MCR-WPT with three MM slabs is also
studied. Considering that the spacing g, between three MM slabs
may be different from that of two slabs, it is also necessary to ana-
lyze the relationship between the PTE and spacing of three slabs.
Similar to the previous measurement process, the transmission dis-
tance is also fixed at 30 cm, and three MM slabs are placed in the
middle of the system. Change the spacing between slabs and mea-
sure the change in PTE to determine the optimal g,. The results
are shown in Fig. 15, and it can be seen that the PTE also rises with
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Table 3. Comparison on highest PTE improvement under three cases.

In the middle Near the Tx coil Near the Rx coil
One MM slab 20.6% 9.2% 12.7%
Two MM slabs 29.3% 13.1% 16.8%
Three MM slabs 22.6% 7.1% 10.9%

the increase of g, and then reaches the peak at 7 cm, and it finally
decreases gradually.

In conclusion, the optimal g, of three MM slabs is 7 cm.
Furthermore, PTEs of the system with three MM slabs are mea-
sured. Figure 16(a) shows the PTE of three MM slabs placed in the
middle of the system, when the distance is less than 30 cm, and the
PTE will be suppressed. When the distance is 30 cm, three slabs
are positive for the system, but the improvement is weak. Once the
distance is greater than 40 cm, the improvement is slightly higher
than one MM slab, and the optimal improvement is 22.6%. The
PTEs of the system with three MM slabs close to the Tx coil is
shown in Fig. 16(b), and it can be seen that only when the distance
exceeds 40 cm, three MM slabs can improve transmission perfor-
mance and achieve a maximum improvement of 7.1% at 50 cm.
Fig. 16(c) shows that when placing three MM slabs near the Rx coil,
the trend is same as in the middle position, achieving a maximum
improvement of 10.9% at a distance of 40 cm.

According to the above experimental results, it can be con-
cluded that the MM slab can focus magnetic field to improve
performance of MCR-WPT systems. A larger PTE improvement
can be obtained by inserting two MM slabs, but the improvement
of three MM slabs is poor. PTEs of the proposed MCR-WPT system
with MM slabs under three conditions are compared specifically in
Table 3.

Conclusion

In this paper, the principle of MCR-WPT with MMs is theoretically
analyzed, indicating that MMs have great potential for improv-
ing efficiency. Then, to improve the PTE of MCR-WPT systems, a
6.78 MHz MCR-WPT system is established in HFSS software, and
the MM unit is proposed for the system. It is shown that MMs can
enhance the magnetic field between the Tx and Rx coils through
many simulations. In order to verify the simulation results, the
experimental setup of the MCR-WPT system and MM slabs are
fabricated, and PTEs of the system are measured under different
conditions. The experimental results demonstrated that when one
MM slab is placed in the middle, near the Tx coil and the Rx
coil, the highest PTE is obtained by adopting 6 x 6, 1 X 1, and
6 X 6 arrays, respectively. When a 6 x 6 MM slab is placed in
the middle of the system, the PTE raises by 20.6%. Based on this,
we also investigate PTEs of the system with multilayer MM slabs.
The system with two MM slabs improves PTE by 29.3%, and the
system with three MM slabs improves by 22.6%. Therefore, it can
be concluded that the PTE improvement of two MM slabs is the
best and that of one MM slab is the second but better than three
MM slabs.
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