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Abstract: In this paper, we propose a method to reduce the leakage magnetic field from wireless
power transfer (WPT) systems with series—series compensation topology by adjusting the phase
difference between the transmitter (TX) coil current and the receiver (RX) coil current without
additional shielding coils or materials. A WPT system employing the proposed method adjusts the
phase difference between the TX coil current and RX coil current by tuning a resonant capacitor of
the RX coil. The conditions for minimizing the leakage magnetic field are derived, and the range of
the resonant capacitor of RX, considering power transfer efficiency and the leakage magnetic field, is
proposed. Through simulations and experiments, it is verified that the proposed method can reduce
the leakage magnetic field level without any additional materials. For that reason, the proposed
method can be suitable for size-limited, weight-limited or cost-limited WPT systems.

Keywords: wireless power transfer (WPT); leakage magnetic field; electromagnetic field (EMF);
shielding method

1. Introduction

Wireless power transfer (WPT) technology is an attractive solution for replacing wired
charging because of its convenience, safety, etc. [1-3]. Since the advent of WPT technology,
it has been used in many applications, such as low-power and high-power applications.
The WPT technology for smartwatches and smartphones is already commercialized [4,5],
and WPT technology for unmanned vehicles such as AGVs and drones is being actively
studied. Moreover, as the demand for electric vehicles (EVs) increases, WPT technology
has received more and more attention.

WPT technology uses a magnetic field to transfer power from the transmitter (TX)
to the receiver (RX). During the process of transferring power, coupled and leakage mag-
netic fields are produced, as shown in Figure 1. The leakage magnetic field affects the
human body and other electronic devices. Usually, the term used for human effects is
electromagnetic field (EMF), and the term used for effects on other electronic devices is
electromagnetic interference (EMI) [6,7]. For the commercialization of the WPT system, it
is necessary to solve the EMF/EMI problem. Thus, many studies are being conducted to
solve these problems.

In general, the shielding methods can be classified into four types, as shown in Figure 2.
First, the metallic shielding method [8] uses conductive material. When the magnetic field
is induced in the conductive material, the eddy current generates a magnetic field opposite
to the magnetic field generated by the TX or RX coils. The disadvantages of this method
are that the power transfer efficiency (PTE) may be reduced, and the weight and cost of the
WPT system may be increased. Second, the magnetic shielding method [9] uses magnetic
material that has high permeability. The magnetic material has a lower reluctance than
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that of air, so the magnetic field generated by the TX or RX coils can be guided through
the magnetic material. This method also has disadvantages, in that the weight and cost of
the WPT system may be increased. Furthermore, as the power level increases, the current
flowing into TX and RX coils can be increased. As a result, the magnetic material can
become saturated. Third, the active shielding method uses an additional coil and power
source [10] to generate a magnetic field opposite to the magnetic field generated by the TX
and RX coils. When using this method, the complexity of the system may be increased,
and the PTE may be lowered. Finally, the reactive shielding method [11] uses an additional
coil. When the voltage is induced at the shielding coil by the magnetic field generated by
TX or RX coils, then controlling the phase of the shielding (SH) coil impedance by tuning
the matching capacitor of the SH coil cancels the magnetic field generated by TX or RX
coils. Because an additional power source is not needed and the shielding performance is
high, the reactive shielding method is a promising technology that can be used in various
applications. Besides the above methods, there are methods to add a filter for controlling
the impedance [12,13].

Leakage
Magnetic Field

(a) (b)

Figure 2. Cont.
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Figure 2. Various shielding methods used in WPT System: (a) metallic shielding; (b) magnetic

shielding; (c) active shielding; (d) reactive shielding.

However, all existing methods need additional materials, such as conductive material,
magnetic material, coils, or power sources, and as a result, the size, weight or the cost of
the WPT system can be increased. Not using additional materials is necessary to reduce the
size, weight, and cost of the WPT system.

In this paper, we will propose a method for minimizing the leakage magnetic field
through phase difference control between TX coil current and RX coil current, without
using additional materials.

The contributions of this paper are as follows:

(1) The proposed WPT system can minimize the leakage magnetic field without additional
materials, power sources or coils. Thus, the proposed method can reduce the size,
weight and cost of the WPT system.

(2) The previous research related to WPT systems only focus on resonant systems to
maximize the power transfer efficiency (PTE) and power transfer capacity (PTC). This
paper focuses on resonant systems in terms of the leakage magnetic field while also
considering the PTE and PTC.

This paper is arranged as follows: In Section 2, the minimization method of leakage
magnetic field of the WPT system is presented. In Section 3, we verify the proposed method
through simulation and experiment. Finally, in Section 4, we conclude our research.

2. Minimization Method of Leakage Magnetic Field of Wireless Power Transfer System
2.1. Method of Phase Difference Control between TX Coil Current and RX Coil Current

We will explain how to control the phase difference between TX coil current and RX
coil current. Figure 3 shows the leakage magnetic field generated by TX or RX coils. When
the TX and RX currents flow into the coils, the magnetic field is generated, and the magnetic
field strength is the function of turn, current, and the distance from coils, as expressed in
Equation (1).

NrxItx | NrxIrx 1)
drx? drx®

|Btotat| = |Brx + Brx| |

where N7x and Ngryx are the turns of the TX coil and RX coil, ITx and Igx are the TX coil
current and RX coil current, and dryx and drx are the distance between the observation
point and the center of each coil. First, we should derive the relationship between Itx and
Irx to express the phase difference between Itx and Igy.
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Figure 3. The magnetic field strength generated by the TX coil and RX coil.

Figure 4 shows the equivalent circuit of the series—series compensation topology of
the WPT system. When applying the KVL in the RX part, Igx can be expressed as in
Equation (2).

—jwoMrx-RX Tpy = _]‘woMTXfRXITX= woMTrx—RX TXZ(— Tl XRX) o)
Rrx + R +jXrx Rp + jXrx VR 2+ Xgx2 2 Rr

where w is the operating frequency of the WPT system, and Xy is the reactance com-

ponent of RX part whose value is %’;fl Depending on Xrx, the phase difference
between Itx and Igx can be controlled. The phases of Brx and Brx are determined by
Itx and IRx; thus, the phase difference between Brx and Bry is equal to the phase differ-
ence between Ity and Igx as shown in Figure 5. Figure 5 shows the various cases for the
operating frequency and phase difference between Itx (Brx) and Irx (Brx). As shown
in Figure 5a, when the resonant frequency of RX (wrx) and the operating frequency (w,)
are the same, the phase difference between Itx (Brx) and Irx (Brx) is 5, and as shown in
Figure 5b, when wpg X has a larger value than w,, the phase difference between Itx (Brx)

and Irx (Brx) is 0 ~ 7. Additionally, as shown in Figure 5c, when wgrx has a lower value
than w,, the phase d1fference between Itx (Brx) and Igx (Brx) is Z ~ 7.
Rrx Crx Mrx-rx Rrx Crx
VWA—| R 1
. °
Vin @ Inx Lrx Lrx @ %RL
TX part RX part

Figure 4. The equivalent circuit of series—series compensation topology of the WPT system.
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Figure 5. Cont.
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Figure 5. Various cases for the magnitude of RX part impedance and vector diagram of ITx(Brx) and
Irx(Brx) depending on wrx and wy: (a) wrx = wo; (b) Wrx > wo; (€) Wrx < Wo.

In summary, controlling the phase difference between Itx (Brx) and Igx (Brx) can be
possible through tuning wrx.

2.2. Minimization Condition of Leakage Magnetic Field of WPT System and Its Performances

The minimization condition of leakage magnetic field in the WPT system and the per-
formance parameters such as power transfer efficiency (PTE) and power transfer capacity
(PTC) will be explained in detail.

First, we decide the region of wrx. To reduce the leakage magnetic field, wrx has a
lower value than w,, i.e., the phase difference between Itx (Btx) and Igx (Brx) should be
7 ~ mt. For calculations of the total magnetic field strength, we should express the term Ity
into Igx. Irx is expressed as in Equation (3).

- T a1 XRX
Irx —IRXA( 5 tan R, ) 3)

To compare the leakage magnetic field with the same output power, we assume the
Irx has the constant value, as in Equation (4).

E)IRX

Pour= Irx’Rr, =0 @)
where Pyt and Ry, are the desired values of the WPT system.
After assuming Igx as in Equation (3), ITx can be calculated as in Equation (5).

/R 2 X 2
VLT ARXT /0

Itx =
wWoMTx_RX

©)
As a result, the total magnetic field in Equation (1) can be calculated as in Equation (6).

NrxI NrxI
|Btotal|o‘|%+%|:

V/ (6)
|hMIRX40+§;¢X3IRXZ(— z _tan—lxRiRLX> I=F

drx® wWoMrx_RX X
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When we define the magnitude of the magnetic field F, we can express the vector
diagram as in Figure 6. Moreover, we can calculate F? using the law of cosines as in
Equation (7).

2 IRX2<NTX2 Xpx* +R.> | Nrx* o NrxNrx  XRx )
drx® wo®?Mrx_rx?>  drx® drx3drx® woMrx_RX

Ny [R,” + Xy’

@)

I .
3 RX T —1 Xgx
d,,.x w()Mv‘X_RX E— t(l?l ==
L
F Ngx I
d 3 ‘RX
__________________________________________ - RX

Figure 6. The vector diagram in Equation (6).

The variable Xgx, which becomes 0 when F? is differentiated with respect to Xgx, is
the value for minimizing the leakage magnetic field, expressed in Equation (8).

As shown in Equation (8), the minimization condition of the leakage magnetic field
can be determined by Ntx and Nrx, drx and drx, w,, and the mutual inductance between
the TX coil and RX coil (M1x_Rgrx)-

dFz __ 2 (5 Nrx? Xrx _ 5 NrxNrx 1 ) _
dXprx — Irx (2 drx® wo?Mrx_rx? 2de3de3 woMrx—rx ) 0 (8)
_ Ngx m)
XRX= Ny (de WoMTx-RX

However, when Xrx exceeds some value, the leakage magnetic field increases com-
pared to the conventional WPT system. Therefore, we should decide the range of Xrx.
As shown in Equation (7), F? is the quadratic function of Xgx. So, when solving the
Equation (9), we can find the range of Xgx value, and the range of Xzx can be expressed
as in Equation (10).

Nrx ,drx >
2 2 RX ,ATX
Fo xpx=0=F [ xpy=xs X = ZTH(R) woMrx-RX )
Nrx [drx\>
0 < Xgx <2—= <> woMTx_RX (10)
Tx \dRrRX

In Equation (10), when XRryx is equal to zero, this can be understood as a conventional
WPT system.

The conceptual diagram of the proposed method is shown in Figure 7. Expressed as in
Equations (3) and (4), the magnitude of Irx, Irx is the constant value for the same output
power, and the phase of Irx, —5 — tan—1 XR—’? can be adjustable with the range [—7, — 7],
depending on the value of Xzx. And as expressed in Equation (5), the magnitude of Iy,

VR2+Xrx?

Y Irx, increases as the value of Xrx increases, and the phase of Itx is 0 because
we assume that the phase of Ity is the reference angle.
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Figure 7. The conceptual diagram of the proposed method.

3
As shown in Figure 7, when Xrx is equal to %—’;i <ZR%’;) woMrx_rx, the leakage
magnetic field of the WPT system can be minimized.
Meanwhile, when the reactance component exists, the PTE decreases. In Figure 4, the
PTE is defined as the ratio of the input power and the output power, and can be calculated

as in Equation (11).

PTE () = wWo’Mrx_rx*R1

— (11)
Rrx(Xrx2 + (Rrx + Rp)?) + woMrx_rx*(Rrx + Rr)

As Xgryx increases, the PTE of the WPT system decreases. The leakage magnetic field
level and the PTE of the WPT system can be shown in Figure 7.
As shown in Figure 8, the range of Equation (10) should be redefined as Equation (12)

3
because when Xgx exceeds %—’;i{‘ (g%) woMTtx_Rrx, the leakage magnetic field increases
and the PTE decreases.
_ Nrx dTx\3 _ Nrx (drxy3
Xpx=—""(G") w,Mpryx_ Xex=-"(G") w,Mrx_
rx =y G )  WoMrx—rx Rx =3 G @oMrx-rx
T f T T
= Range of Xzy Considering : ;\? oo g 9o |
= PTE and EMF i T eocod o o
Lo} 1 o 1
— 1 = 1 N
2 1 X 1 ©
el AN
o T ! 4 = 1 o
£ [= : o & i N
5} o 1 o v 1 q
b 1
& ® - o b3 \
& =] — I \
T O 1 o w | \
& To . o @ g r i ]
) oo 0" & 1 \
&0 1 = 1 \
© I g | % o
4 1 Range of Xzy Considering | \
g 1 % | PTE and EMF 1 V]
| : I 1 \
1
L 1 I | i 1 I 1 +
0 0
Xrx (Q) Xrx (Q)

Figure 8. The leakage magnetic field and PTE of the WPT system with changes in Xrx.
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PTC =

Ngx  drx \°
0 <Xpx < 5 (5-) woMrx—gx (12)
Nrx “drx
Therefore, by prioritizing, for example, whether the PTE is important or the leakage
magnetic field is important, the WPT system can be designed following the range of
Equation (12).
In addition, when the reactance component exists, the PTC also decreases. In Figure 4,
the PTC is defined as the output power level and calculated as in Equation (13).

2 21/ 2
woMrx_rx“Viy“Ryp,

(Rrx(Rrx + Rp) — Xrx Xrx + woMrx_rx2)* + (RrxXgx + (Rrx + Rp)X7x)*

(13)

When X1x= Xgrx= 0 (conventional WPT system), the PTC (Conv.) can be calculated as
in Equation (14).
WOZMTX—RXZ Vz’n,conszL

(Rrx(Rgx + Rp))?

Moreover, when X7x= 0, Xgx= X (proposed WPT system), the PTC (Prop.) can be
calculated in Equation (15).

PTC (Conv.) =

(14)

2 2 2
Wo"Mrx-RX Vin,prop Ry

PTC (Prop.) = 5 5
(Rrx(Rrx + Rp) + wo®?Mrx_rx?)” + (RTxX)

(15)

Therefore, to transfer the same output power when applying the proposed method,
the input voltage V;, is calculated as in Equation (16).

(Rrx(Rrx + Rp) + woMrx_rx2)* + (RrxX)?
(Rrx(Rrx + Rp) + woMrx_gx2)*

Vin,prop: o‘Vin,conv/ &= (16)

Equation (16) means that when applying the proposed method for the WPT system,
the input voltage V;,, increases by the factor of «.

Table 1 compares the various parameters of conventional and proposed WPT systems.
The conventional WPT system has been studied for many years and the characteristics of
the conventional WPT system can be referred to [14]. The Crx of the conventional WPT
system depends on the operating frequency and Lrx, whereas the Crx of the proposed
WPT system depends on the operating frequency, Lrx and X. The PTE and PTC are at their
maximum when employing the conventional WPT system, whereas the EMF is minimized
when employing the proposed WPT system.

Table 1. Comparison between the conventional and proposed WPT system.

Parameters Conventional WPT System Proposed WPT System
3
XRrx 0 %(%) WoMrx—Rrx=X
1
Crx wo?Lrx wo>Lrx —woX
Equation (11) when Xgx=0 Equation (11) when Xgx= X (Less than

PTE .

(Maximum) Conv.)
PTC Equation (13) when X7x= Xgx=0 Equation (13) when X1x=0, Xgx=X

(Maximum) (Less than Conv.)
EMF Larger than Prop. Minimum

In summary, in Section 2.2, we proposed a minimization method for the leakage
magnetic field through phase difference control between Itx and Igx. In addition, we
define the range of Xzx and analyze the PTE and PTC of the proposed WPT system.
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2.3. Consideration of Various Cases—Variations of the Load, Air Gap, and Misalignment

First, we will analyze the variation of the load. Again, the minimization condition of
the leakage magnetic field can be expressed as in Equation (17).

Nex [ drx \°
Xrx= RX(;;) woMTx_RX (17)

As shown in Equation (17), Xgrx does not include the term load resistor R;. The
minimization condition of the leakage magnetic field is independent of the load resistor Ry .

Second, we will analyze the variation of the air gap. Figure 9 shows the variations in
the air gap between the TX and RX coils. When there is an air gap between the TX and RX
coils, the inductance may change [15] because the magnetic or metallic material changes
the path of the magnetic field, but we ignore that effect. In this case, we only consider
the variations of the mutual inductance (Mtx_rx) between the TX and RX coils as the
air gap changes. As shown in Equation (16), when the distance between the observation
point and each coil is the same and the operating frequency is set, Xrx is affected only
by Mrx_rx. When using the adaptive impedance matching network as explained in [16],
XRrx can be adjustable.

RX coil

RX coil Ngx:
Npxe

| — ‘ :
©

TX coil TX coil TX coil

Observation point
| q
Air gap increases

Figure 9. Variations in the air gap between the TX coil and RX coil.

Finally, we will analyze when misalignment occurs. Figure 10 shows the alignment
and misalignment cases. When misalignment occurs, the leakage magnetic field increases in
the direction of misalignment, and drx has a larger value than drx. So, when the operating

3
frequency is set, Xrx is affected by (%) , Mrx_rx. When using the method in [16], Xrx

can be adjustable also.

RX coil RX coil

TX coil TX coil
@ : Observation point
Alignment condition Misalignment condition

Figure 10. Misalignment condition between the TX coil and RX coil.

In this section, we analyzed the various conditions, such as the load variation, air gap
variation, and misalignment condition. It can be summarized as follows.

(1) Variation in the load: Xry is independent of the load.
(2) Variation in the air gap and occurrence of the misalignment: When the air gap changes
or the misalignment occurs, the minimization condition of the leakage magnetic
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field changes, i.e., the value of Xgx changes. It can be possible through a adaptive
impedance matching network as explained [16].

3. Simulation and Experiment Verifications

In Section 3, we verify the proposed method through simulations and experiments.

3.1. Simulations of the Proposed Method Considering Various Cases

We verify the proposed method considering various cases, such as variation in the
load and air gap. Figure 11 shows the simulation setup for the designed coil using ANSYS
MAXWELL 3D electromagnetic (EM) solver. Table 2 shows the mechanical parameters of
the TX and RX coils, and Table 3 shows the electrical parameters of the EM solver.

air gap : 40, 70, 10

400 mm
- -9

@ : Observation point

(c)

Figure 11. Setup for 3D EM solver: (a) aerial view; (b) top view; (c) observation point of the leakage
magnetic field.

Table 2. Mechanical parameters of EM simulation.

Parameters Value
Diameter of wire (TX, RX) 2.8 mm
Number of turns (TX, RX) 9 turns

Layer of coil (TX, RX) 1 layer

Table 3. Electrical parameters of TX and RX coils.

Parameters Value
Lrx 31.94 uH
Lrx 31.94 yH
11.41 pH (air gap = 40 mm),
Mrx_rx 6.91 uH (air gap = 70 mm),

4.45 pH (air gap = 100 mm)

As shown in Table 3, we extracted three cases: air gap = 40, 70, and 100 mm, to verify
the proposed method in various conditions. Figure 12 shows the circuit simulation setup,
and Table 3 indicates the electrical parameters of the circuit simulation. As shown in
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Figure 12, the WPT system is composed of the inverter, TX and RX coils, resonant capacitor,
and full bridge rectifier.

y i —

o o1t ot nZ Moo R %0, %0,

Voe (F Lix Lix T Caer RS

QZJEE QJEE *D, ¥ D,

Figure 12. Setup for circuit simulation.

As shown in Table 4, the operating frequency of the inverter is 85 kHz, and Cgrx
changes depending on Xgx. The mutual inductance varies depending on the air gap, and
the load resistor R, varies to verify the proposed method in various cases.

Table 4. Electrical parameters of the circuit simulation.

Parameters Value
fo 85 kHz
Lrx/Rrx 31.94 uH/0.1 Q) (expected value)
Crx 117.94 nF
Lrx/Rrx 31.94 uH/0.1 Q) (expected value)
Crx Variables (depending on the Xrx)
11.41 pH (air gap = 40 mm),
Mrx_Rrx 6.91 uH (air gap = 70 mm),
4.45 pH (air gap = 100 mm)
Ry 3.080,6.17(),12.34 Q)
Pout 50 W

In Equations (3) and (5), when Xrx is substituted by the condition in Equation (8), Itx
and Igrx can be expressed as in Equation (18).

2
2 o (Nrx (drxy3 Nix [ drx 3
_\/RL + (Ni&((ﬁ) c‘)O]\/ITXfRX) _ _E _ 71%&(&) wWoMTx _RX
Itx = Irx 20, Irx =Irx Z( tan ) (18)
WoMTx-RX 2 Rp

As shown in Equation (18), when Nrx and Nrx are the same, drx and dgrx are the
same, the lower R;, the higher operating frequency and Mrx_rx, and the phase difference
between Itx and IRy is close to 7, it is expected that the shielding performance increases. To
verify the proposed method, we extracted the leakage magnetic field as shown in Figure 11c
and the PTE through circuit simulation as shown in Figure 12 with the variation of Xrx
through tuning the capacitor.

Figure 13 shows the simulation results when the load changes and the air gap is fixed
to 70 mm. As expected, when the load resistor R} increases, the phase difference between
ITx and Igx becomes smaller, so the shielding performance gradually decreases. As shown
in Figure 13, when the air gap is fixed to 70 mm, the shielding performances are 29.2%,
13.10%, and 3.61%, when the Ry, is 3.08 (2, 6.17 (), and 12.34 (), respectively
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Figure 13. Simulation results (leakage magnetic field, PTE and magnetic field distribution) with
variation of the load when the air gap is 70 mm: (a) 3.08 ; (b) 6.17 Q; (c) 12.34 Q).

In addition, Figure 14 shows the simulation results when the air gap changes and
the load resistor Ry, is fixed to 3.08 (). As expected, when the air gap increases, the phase
difference between Itx and Igx become smaller, so the shielding performance gradually
decreases also. As shown in Figure 14, when the load resistor is fixed to 3.08 (), the shielding
performances are 49.60%, 29.20%, and 13.79%, when the air gap is 40 mm, 70 mm, and
100 mm, respectively.

To compare the proposed method and other shielding methods, we performed the
simulation for the magnetic shielding method with metallic material, the reactive shield-
ing method and the proposed method in condition Figure 13a. We extracted the leakage
magnetic field at the observation point 400 mm from the center of the TX and RX coils and
the PTE. Figure 15 shows the comparison of various shielding methods and the proposed
method. As shown in Figure 15a, the shielding performance is highest when applying the
passive shielding method, but when using the magnetic and metallic materials, the cost,
size and weight may be increased. Meanwhile, the proposed method can reduce the mag-
netic field up to 49.60% without additional materials when compared to the conventional
WPT system.
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Figure 14. Simulation results (leakage magnetic field, PTE and magnetic field distribution) with
variation of the air gap when the load is 3.08 (): (a) 40 mm; (b) 70 mm; (c) 100 mm.
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Figure 15. Simulation results of various shielding methods and the proposed method: (a) leakage
magnetic field level; (b) PTE.

3.2. Experiment Results

We verified the proposed method through the experiment. Figure 16 shows the setup
for the experiment. We extracted the PTE using the DC power supply and the electronic
load, and the leakage magnetic field using the ELT-400. Table 5 indicates the electrical
parameters of the experiment. We set the operating frequency f, as 85 kHz, and the output
power Py, as 50 W. The capacitor of RX Crx was set to 110.98 nF for the conventional WPT
system, and 138.52 nF for the proposed WPT system.



Energies 2022, 15, 8202 16 of 18

Figure 16. Setup for experimental verification.

Table 5. Electrical parameters for verification through experiment.

Parameters Value
fo 85 kHz
Ltx/Rrx 32.88 uH/0.08 O
Crx 111.23 nF
Lrx/Rrx 32.52 uH/0.074 Q)
C 110.98 nF (Conv.),
RX 138.52 nF (Prop.)
Mrx_Rrx 6.75 uH (air gap = 70 mm)
Rr 298 )
Pnut 50 W

Figure 17 shows the experiment results for the leakage magnetic field level and the
PTE. As shown in Figure 17a, the leakage magnetic field level of the proposed method
decreased from 4.72 uT to 3.19 uT when compared to the conventional WPT system, which
is a decrease of 32.41%. In addition, as shown in Figure 17b, the PTE of the proposed
method decreased by up to 2.44% when compared to the conventional WPT system. With
reference to Equation (15), the PTC of the proposed WPT system is lower than that of the
conventional WPT system. When employing the conventional and proposed system, the
input DC voltage was 25 V and 30 V, respectively.

5 100

= 9
= 4 2 o
= 0
,\.:; 4 32.41% | E 80 2.44% |
T 35 -8 70
< ji=)
g 3 e
2 25 Hog
E g
o 5 gy
S0 -
! o
= 2 2
:]3 05 p? ol
! 0
Conv. Prop. Conv. Prop.
(@ (b)

Figure 17. Experiment results: (a) leakage magnetic field level; (b) PTE.

In Section 3, we verified the proposed method through simulations and experiments.
Through the simulations, the various cases, such as the variation of the load and air gap,
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were verified, and experimental results show that the proposed method can reduce the
leakage magnetic field level without any additional materials.

4. Conclusions

In this paper, we proposed a method for reducing the leakage magnetic field from the
WPT system by controlling the phase difference between the TX coil current and RX coil
current without any additional materials. The phase difference between the TX coil current
and RX coil current can be controlled by tuning the matching capacitor of the RX coil.

The condition for minimizing the leakage magnetic field was derived mathemati-
cally, and the acceptable range for the selection of the matching capacitor of the RX coil
was proposed.

Various cases, such as variation in the load, air gap, and the occurrence of misalignment
were analyzed. Because the proposed method is independent of the load, it can be suitable
for cases of changes in the load, such as using the DC-DC converter. In addition, when the
air gap changes or a misalignment occurs, the resonant capacitor of the RX coil should be
changed, and this is possible using the tunable matching network (TMN).

The simulations of the proposed method were performed in various cases, such as
variation of the load, air gap, and the occurrence of misalignment. Through experiments, it
was verified that the proposed method could reduce the leakage magnetic field by 32.41%
while reducing the power transfer efficiency by 2.44%, without any additional materials.
The proposed method can be suitable for the size-limited, weight-limited or cost-limited
WPT systems because it does not require any additional coils, materials, or power sources.
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