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Abstract: It is important to determine the position of the receiver (Rx) coils in wireless power transfer
(WPT) system, and to control the power transmitted to the Rx coil based on this result. In particular,
in a situation where there is no feedback between the primary side and the secondary side, it is
difficult to control the received power because the information is limited. In this paper, a method for
determining the position of the Rx coils and controlling the received power using limited parameters
in a feedback-free WPT system is proposed. The proposed method is verified by constructing
a4 x 2 WPT system, and it is validated that the simulation result and the experimental result are
consistent well. Furthermore, arbitrary power can be transmitted to the Rx coil based on the result of
the position of the Rx coil. The experiment is conducted by transmitting about 1W to Rx 1 and Rx 2,
and the efficiency for Rx 1 is about 32.93%, Rx 2 is 25.03%, and the overall efficiency is confirmed to
be 57.96%.

Keywords: position estimation; power control; wireless power transfer; magnetic resonance; no feedback

1. Introduction

Wireless power transfer (WPT) is a novel method that can transmit power to devices
without a wire connection. Recently, WPT systems have been applied in various fields
such as unmanned aerial vehicle (UAV), electric vehicle (EV), drone, medical devices, and
mobile devices [1-6]. In the early introduction of the WPT, a simple system using a single
transmitter (Tx), and receiver (Rx) coil was studied for charging one device [7]. However,
the single coil system was vulnerable to misalignment between the coils, so the performance
was clearly limited. Therefore, it was necessary to design a system that can take these
problems into account, and a system using multiple Tx coils was devised as a solution for
misalignment [8,9]. In [8], an impedance matching method for improving power efficiency
in lateral misalignment conditions was proposed, and the results were confirmed using
two Tx coils. In [9], study for coil design and hardware were conducted using seven Tx
coils to improve efficiency in a misalignment condition. Recently, the number of devices
that need to be charged in daily life is increasing. Accordingly, there is a need to charge
multiple devices at the same time, which is why studies on a WPT system for multiple Rx
coils become important.

In order to charge multiple Rx coils simultaneously, it is necessary to estimate the
mutual inductance between the Tx coils and each Rx coil, and a method to control the
primary side is required. According to recent studies, the mutual inductance or coupling
coefficient between the Tx coils and the Rx coils must be estimated in order to calculate
the impedance of the coils, calculate the received power, and operate the algorithms for
controlling Tx coils [10-12]. The mutual inductance can be calculated using measurement
or EM simulation. These methods may be suitable for verifying their idea. However, in
order to calculate mutual inductance using measurement, system for measuring the current
on both the primary side and the secondary side is needed, and the result must be fed back
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to the controller in charge of the calculation. Adding such a system may unnecessarily
increase the complexity and the cost of the total WPT system. Therefore, it is necessary to
study a method for controlling the primary side by sensing the existence of the Rx coils
without any feedback from secondary side.

Assuming no feedback, parameters related to the Rx coil (i.e., impedance, mutual
inductance) cannot be obtained at the primary side at all. In order to transmit power under
these condition, two difficulties are encountered. First, there is a need for a method for
determining where the Rx coils are and how many there are. Therefore, the method for
determining position of Rx coils using only information that can be obtained from the
primary side is needed. For estimating Rx coil position this purpose, there are previous
studies such as adding an additional coil for position detection or using a sensor [13-19].
These methods obviously have limitations in the situation where the feedback is absent,
and increase the overall cost and complexity of the system. In addition, the study of moving
Rx itself in [19] has a limitation that it cannot be applied to environments where the Rx coil
is static, such as mobile devices or medical implant. These studies are conducted on a single
Rx coil, which needs to be extended to determining the position for multiple Rx coils. As
another method, studies have been conducted using measurements [20-22]. In [20], the
experiment was conducted by placing several Tx coils on a plane, and the position of the
Rx coil is determined by measuring the coupling coefficients between the Tx and Rx coils.
This method requires additional settings to measure coupling, which adds cost and effort
to the whole process for WPT. In [21,22], the measurement on the primary side is used for
estimating Rx coil position, but there is a limitation that it can be applied to only one Rx coil.
Without adding any special sensor or measurement setup, studies on position estimating
multiple Rx coils are clearly needed but still insufficient. Second, in order to transmit the
desired power to the Rx coil, the Tx coil control algorithm must be simple. As in algorithm
studies for multiple Rx coils, a complex calculation method is used for their system [23,24].
However, without feedback, there are few parameters available, so the more complex the
algorithm, the less likely it is working well. In other words, it is important to study a simple
method that can determine the position of multiple Rx coils and use the results to control
power transmission.

In this paper, the eigenvalue and eigenvector of parameter that can be calculated by
Tx coils are analyzed to determine which Tx coils are aligned with the Rx coil. Then, we
propose a simple solution to control the Tx coils assigned to each Rx coil. To validate
proposed method, EM simulation model with 64 x 2 coils is used and the measurement
is carried out by a 4 x 2 magnetic resonant WPT system [25]. This paper is organized
as follows. In Section 2, the WPT equivalent circuit is analyzed and provides the basic
equations with the multiple Tx and Rx coils. In Section 3, proposed method for estimating
position of Rx coils and power control method without feedback is analyzed theoretically
and the simulation results are represented. In Section 4, measurement setup is showed and
the experimental results are discussed. Section 5 is the conclusion.

2. WPT Equivalent Circuit Equation

The magnetic resonant WPT system is equivalent with an LC circuit by connecting
a matching capacitor for the resonance of the coil. That is jwLry 4+ 1/jwCr, = 0 for Tx
coil, and jwLgy 4+ 1/jwCry = 0 for Rx coil, where L1y (Lgy) and Cry(Cgy) denote the self
inductance and capacitance for Tx and Rx coil, and w means a resonant frequency in which
Tx and Rx coils are tuned. Figure 1 shows the self-resonant WPT system composed of n Tx
coils and k Rx coils.
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Figure 1. The configuration of n x k magnetic resonant WPT system.

The equivalent circuit of magnetic resonant WPT system with n x k coils can be
expressed as following:
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where V, I, and Z are the AC voltage, current and impedance, respectively. The subscripts
T and R mean the Tx and Rx coil. M1, Mg, and M mean the mutual inductance between
Tx-Tx, Rx-Rx, Tx-Rx, respectively. The above Equations (1) and (2) can be represented as
matrix operation as follows:
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3. Principles of the Proposed Method
3.1. Theoretical Analysis of the Proposed Method

Determining the position of the Rx coils means figuring out how much influence
the Tx coils can have on the Rx coil. That is, the Tx coils close to the Rx coil can have
a large influence on that Rx coil. The influence is defined as the mutual inductance
between Tx and Rx coils M. However, if the impedance and current of the Rx coils are not
known, the exact value of the mutual inductance cannot be estimated. Therefore, there is
a need for a parameter that can be used instead of it. First, the Tx coil impedance Zt can
determined using only Tx coils. Zt is composed of the impedance of the Tx coils and the
mutual inductance between the Tx coils, and is a fixed value determined after the coils
are manufactured and placed. After the position of the Tx coils is fixed, arbitrary voltage
vectors are applied as many as the number of Tx coils. Then, the currents flowing through
the Tx coils are measured, and Z is calculated as follows:

Zr = [5;1{. .. ,5@} Fp,_ .. ,;;mrl 5)

Each of the vectors 77 in Equation (5) must be independent of each other. In other words,
(1) =(n)

the rank of the matrix {z‘iT PRI } must be equal to the number of Tx coils. After
calculating Z, the Tx coils are able to control completely using Equation (4) with ¥ = 0.

After calculating Zr, if the Tx coil is operated in the sequence of 71 = [1,0,- - -, O]T,
[0,1,---,0] T,- --,[0,0,---, 1]T or any voltage sets, the current flow of Tx coils can be
predicted. When the Rx coil is entered in the charging space, ¥ has a non-zero value and
the current flowing through the Tx coils is changed according to Equation (4). That is, if the
current of the Tx coil is continuously sensed, it is possible to know whether there is a Rx
coil or not. When it is determined that the Rx coil is appeared, the similar process as in
Equation (5) is repeated and ¥ can calculated as follows:

v [l [ ] 2 ©

By taking the real part of the calculated ¥, a parameter H'RgH can be obtained [24].
The superscript H means conjugate transpose, and Rg = real(Zg). Because H'RgH is
positive semi-definite matrix, it has positive and real eigenvalues. If there is only one Rx
coil, HfRg H becomes proportional to MM as follows:

2
HIRzH = Y M™™M @)
RRx

The MTM has a characteristic that its eigenvector corresponding to the largest eigenvalue
is proportional to the mutual inductance M. That is, if the eigenvector corresponding to the
largest eigenvalue of HYRgH is found, the Tx coils having a large mutual inductance with
Rx coil can be detected. That means the position of Rx coil can be detectable only using
primary side. However, the eigenvector no longer matches the mutual inductance M when
the number of Rx coils becomes two or more. This is because HRgH is not proportional
to MM as shown in the following equation.

H'RRH = w*MT (2 1)FRrZ'M (8)

For two or more Rx coils, the position of the Rx coils can be determined in a slightly
different way by using the characteristics of HYRgH. Let HFRg H(™!) be calculated using
Equation (6) for two or more Rx coils. If sz%%ij ~ 0, HIRgH(T%) has a characteristic

that it is composed of the sum of HRzgHR¥?) when only each Rx coil exists. That is, if the
mutual inductance between the Rx coils is negligible, the following equation is established.

HHRRH(TOtul) ~ ZHHRRH(in) (l € k) (9)
i
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In practice, the value of the mutual inductance between the Rx coils is negligible unless
they are specifically overlapped or faced each other. Therefore, Equation (9) works well for
estimating the HYRrHR¥?) corresponding to each Rx coil. After that, the position of the
Rx coil can be determined by analyzing the eigenvalue and eigenvector of HFRgHR¥1),

When the position of Rx coils is determined, it is possible to know which Tx coil is
optimal for transmitting power to each Rx coil. Operating the optimized Tx coils for each
Rx coil means that multiple input multiple output (MIMO) WPT system is divided into
several multiple input single output (MISO) systems. In this study, [26,27], the method of
controlling the received power in the MISO WPT system is analyzed by applying the Tx
coil current with a ratio of the mutual inductance M. In this regard, the proposed method is
to first analyze the eigenvalues and eigenvectors of HR RH(RY?) using Equation (9). Then,
it is possible to obtain an eigenvector proportional to the mutual inductance M, and control
the received power by calculating the Tx coil current with the sum of the eigenvectors of
the HFRRH(R*), That is, it means finding a solution that allows the Tx coils to focus power
only on the Rx coil allocated to it. The received power under the condition w?M3. j~0is
as follows:

Py = i{'Rgig = if HYRgH Ty
~ Y i HIRRH® D7 (i € k) (10)
i

In order to transmit the required power Py, the current ir is determined as follows:

it = [c1-iT1,C2 - iT2, "+, Cn - iTn]T
. 0, if no Rx coil on i-th Tx coil 1)
& i-th row of maxeig(H'RgHR¥)), if j-th Rx coil on i-th Tx coil

where c is scaling factor, and maxeig means the eigenvector corresponding to the
largest eigenvalue.

3.2. Simulation and Results

For the verification of the proposed method for determining the position of the Rx
coils, 64 Tx coils are modeled in a plane using EM simulator. Tx coils are arranged in
the form of 8 x 8, and Rx coils with a larger diameter than the Tx coils are placed in
an arbitrary position for simulation. The arrangement of the coils and the five points are
shown in Figure 2.

Case 1 Case 2 Case 3

Case 4 Case 5 Case 6

Figure 2. Simulation model for estimating Rx coils position.

In cases 1 to 5, one Rx coil is placed 5 cm above the Tx coils, and the position is
arbitrarily changed. In cases 1 to 3, the Rx coil is placed at arbitrary position covered
the 4 Tx coils arranged in 2 x 2. In cases 4 and 5, the Rx coils covered 6 and 9 Tx coils,
respectively, and are placed in a position where they overlapped half or very little with
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some Tx coils. In case 6, two Rx coils are placed at the same height above the Tx coils.
Then, mutual inductance M can be analyzed for each case using EM simulator. Since
H is defined as in Equation (3), if Zy is fixed, HTRxHR*) can be calculated. Figure 3
shows the distribution of the mutual inductance M and the magnitude of the eigenvector
corresponding to the largest eigenvalue of the HYRgHR*?), In order to confirm the result
for the two Rx coils in case 6, HTRRHR*1) is calculated first using Equation (6), and
HHERRHR*2) is obtained with HIRgH (™) — HHRRH(R*1) a5 shown in Equation (9).
Figure 4 shows the analysis of HIRgH®*1) and HFRRH(R*?), respectively, and it can be

seen that the positions of the two Rx coils are correctly estimated.
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Figure 3. Comparison result of eigenvector and mutual inductance distribution when there is only
one Rx coil. (a) Mutual inductance distribution. (b) Normalized eigenvector distribution.

150

100

50

0 ﬁ
2 4 6 8 2 4 6 8

(a) (b)

Figure 4. Comparison result of eigenvector and mutual inductance distribution for case 6. (a) Mutual
inductance distribution with two Rx coils. (b) Normalized eigenvector distribution of H Rz H(R*1)
(left), and HIRRH®R*2) (right).
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4. Experimental Verifications

Figure 5 shows the experimental setup for validating the proposed method. The Tx coil
is controlled by the Tx board, and DC power analyzer and clock generator are connected to
the Tx board to control the magnitude and phase of the voltage. The Rx coil is connected
to the Rx board, and the AC current is converted into DC current by the board so that it
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can flow into the electronic load. An oscilloscope is used to measure the current flowing
in the coils. Tx coils and Rx coils are connected with matching capacitors with resonant
frequencies of 80 kHz and 100 kHz, respectively. The reason why the Tx and the Rx coil has
different resonant frequency is to prevent the Tx board from being damaged by the current
generated from the Rx coil. 4 x 2 coils are used, and the Rx coil is placed on styrofoam
with a thickness of 2 cm. The length of side of the Tx coil is about 10.5 cm, and the spacing
between Tx coils is about 12 cm. The configuration of the coils is shown in Figure 6. Rx 1
is placed on Tx 2, and Rx 2 is placed on Tx 3 and Tx 4. The specifications for each coil are
represented in Table 1.

- RLC meter |

Electronic load Oscilloscope

DC power # Clock generator
analyzer —~ 4
-

Figure 6. Configuration of Tx coils and Rx coils.

Table 1. Specifications for all coils.

Tx1 Tx2 Tx 3 Tx 4 Rx1 Rx 2
R (mQ) 339.68 97.39 62.8 65.18 168.07 140.8
L (uH) 19.66 20.06 19.6 20.64 19.75 34.81
C (nF) 201.36 197.17 201.9 191.7 200.35 72.77

After placing the Tx coils, Zr is calculated as in Equation (4). Then, an arbitrary
voltage Vr is applied to the Tx coils, and the currents of Tx 1 and Tx 2 are measured when
there is no Rx coil and when Rx 1 is placed on Tx 2. Figure 7 shows the current of Tx 1 and
Tx 2. Although the magnitude and phase of Tx 1 hardly change, it can be seen that there is
a change in Tx 2 . That is, it can be confirmed whether there is an Rx coil by sensing the
currents of the Tx coils. Since Rx 1 is placed in the same position as Tx 2, the currents in
Tx 3 and Tx 4 are hardly changed.

Since Rx 1 is entered on primary side, H/RzxH must be obtained as shown in
Equation (6). Then, Rx 2 is placed on Tx 3 and Tx 4 as shown in Figure 6. The moment Rx 2
enters in, the current of Tx 3 and Tx 4 will change significantly. Therefore, primary side can
detect Rx 2 as similar with Rx 1. If Rx 2 is entered, HIRgH(™!?) can be calculated using
Equation (6). Then, H'RzH(R*2) is calculated using Equation (9), and the eigenvalues
and eigenvectors of HIRgH(R*1) and HFRRH(R*2) are analyzed. Then, as the proposed
method, it is possible to determine which Tx coils are the optimal for each Rx coil. Figure 8
shows the distribution of eigenvectors by analyzing HTRgH®X¥1) and HFRgH(R¥2), Since

(Rx1)
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Rx 11is on Tx 2, the second row of eigenvector corresponding to Tx 2 is the largest. In the
case of Rx 2, third and fourth rows have large values. In other words, Rx 1 and Rx 2 can
uses Tx 2, Tx 3 and Tx 4 to control power, which indicates that Tx 1 is almost useless in
this situation.

4A
| i i i TELEDYNE LECROY
2A Everywhereyoulook™
<1 %
2A
-4A
“n4ps 21918 2841 28918 29418 29918 30418 309.1ps 34 319.1ps 3241
4A
2A
Tx 2 oM
2A
4A
144 s 27918 284.1ps 289.1s 294.1ps 299.1s 304.1ps 3091 ps 34.1ps 3194 ps 32418
Measure P1:ampl(C1) P2max(C2)  P3:phase(C1.C2) P4:max(C3) P5:phase(C1.C3) P:--- PT--- PS§---
value 505V 1263A  82.373417929798 1240A  85.421643951123°
mean 5.060093 V 1.263492 A 82.3782° 1.242693 A 85.2278°
min 5056V 1260A  81.890450199198 ° 1240A  84930742348104°
max 5,068V 1267A  82.968422175198° 1246A  85.698735281236 °
sdev 2785 mV 1780 mA 201 m° 1735 mA 1348m°
num 21 A 84 Al 8
status ! v v v v v
1 : [HD ] [Tbase 2991 ps|[Trigger ()Y
1.00 Aldiv 1.00 A/divf ] 12 Bits 5.00 ps/div|Auto  3.80V/
0.0mAofst|  0.0mAofst N 500kS 10 GS/s|Edge Positve
(a)
4A|
[ i i i i ] i ] TELEDYNE LECROY
24| Everywhereyoulook™
Tx 1 on ,\
2A
4A
ITRIT 21918 284.1ps 28915 294.1ps 299.1ps 30418 3091ps 314.1ps 31915 3241
|
\
2A}
‘,
oM
Tx2 “ \‘_/
|
4A [
Y144 s 279.1ps 284.1ps 289.1ps 294.1ps 299.1ps 304.1ps 309.1ps 3M44ps 319.1ps 3241ps
Measure P1:ampl(C1) P2:max(C2) P3:phase(C1.C2) P4max(C3)  PS:phase(C1.C3) P6:--- PT--- P§:---
value 5,058V 1252A 8121709688134 © 1080A  64.445364861071°
mean 5061133V 1.250410A 81.3009 ¢ 1.079106 A 64.3467 ¢
min 5050V 1247A  80.955509114236 ¢ 1074A  64.030092461957 ¢
max 5078V 1253A  81.565814898663 ° 1082A  64.678759673940°
sdev 3729 mV 1580 mA 1013m° 13712 mA 158 m*
num 50 50 200 50 200
S v v 4 4 4
3 : | HD | [Tbase 299 1 s|Trigger (o) L8
1.00 Aldiv] 1.00 A/divf ] 12Bits 5.00ps/divjAuto 380V
0.0mAofst] 0.0 mA ofst S 500kS 10 GS/s|Edge Positive
(b)

Figure 7. Measurement of the current of Tx 1 and Tx 2. (a) When there is no Rx coil. (b) When Rx 1 is
placed on Tx 2.

Each value of 7T means the current of the Tx coils. As shown in Figure 8, Tx 1 has little
effect on each Rx coil. That is, even if it is set to 0, it hardly contributes to the entire power
efficiency. ir; is the current used to transmit power on Rx 1, and when the eigenvector
of HFRRH(R*1) is analyzed, the value in the second row is significantly dominant, and
the remaining values are close to 0. Since Tx 2 is used alone to transmit power to Rx 1,
power consumption must be largest. iT3 and ity are used to transmit power to Rx 2, and
it4 has a slightly stronger influence on Rx 2. Therefore, iT4 has a higher current than irs.
In other words, the power consumed by Tx 1 will be nearly 0, and the power consumed
by Tx 2 that transmits power to Rx 1 alone will be the largest. Furthermore, since Tx 4
has a stronger influence on Rx 2, it will consume more power than Tx 3. Based on these
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analysis, when 1 W of power is transmitted to each Rx coil, the measurement result of
the current flowing through the Rx coils is shown in Figure 9. The Tx coil current ?T used
to transmit 1 W power to the two Rx coils is determined by Equation (11) and scaled by
Equation (10). The magnitude of the current flowing through Rx 1 and Rx 2 is 703 mA and
596 mA, respectively. As shown in Table 1, since the internal resistance of Rx 2 is slightly
less than that of Rx 1, a lower current flows. The current flowing through the Rx coil is
converted into a DC current through the Rx board, and then the DC current flows through
the resistor of 5 (). Table 2 shows the power consumption at the primary side and at the Rx
resistor 5 ().

1. Rx1

(a) (b)
Figure 8. Eigenvector distribution. (a) HY RrHERYD () HIRgH(R*2)
4A
i i i TELEDYNE LECROY
2A Everywhereyoulook-
Rx1 0 ”'/—\\___/'/—\ les | T e /—\-“‘\-_,_/
2A
-4A
9741 s 279.1ps 284.1ps 289.1ps 294.1ps 299.1ps 304.1ps 300.1ps 314 1ps 319.1ps 3241 ps
4A
2A
Rx 2 o >
2A
4A
144 s 2191 s 28415 2891ps 2941 2991 s 304.1s 309.1ps 341 3191s 3241ps
Measure P1:ampl(C1) P2:max(C2) P3:phase(C1.C2) P4:max(C3) P5:phase(C1.C3) P6:- - - PT--- P8:---

value 5046V T03ImA  132.483196245293 ° 59%6mA  86.357910958629 °
mean 5.051854 V 703.201 mA 132.5265° 595.518 mA 86.1890 °
min 5046V 698 mA  132.166638027877 ° 593ImA 8597229960969 °
max 5061V T05mA  133.060526346761° 600mA  86.474515074811°
sdev 6.362mV 1.828 mA 159.0 m°* 1.608 mA 107.2m°
num 2 2 16 2 16
status 4 4 4 4 4

100AG]  100AGV] ;
00mAofs|  00mAofs :

Thase -299.1 sl Trigger LM
" 5.00 ps/div|Auto ~ 3.80 V|

500kS 10 GS/s|Edge Positive
Figure 9. Measurement results for Rx coil current when 1 W of power is received.

Table 2. Consumed power at the primary side and Rx resistor.

Tx1 Tx2 Tx 3 Tx 4 Rx1 Rx 2
P (W) 0 1.6056 0.8820 1.1563 1.2 0.912

As already analyzed, almost 0 power is consumed in Tx 1, and Tx 2 consumes the
largest power with 1.6056 W. Furthermore, Tx 4 consumes more power than Tx 3. Although
there is a slight difference between the two Rx coils, it is confirmed that almost 1 W of power
is transmitted as aimed. Some errors may occur due to the approximations used in the
proposed method and measurement errors during the experiment. The power consumed
by the primary side is about 3.64 W, and the power delivered to the secondary side is



Energies 2022, 15, 8621

10 of 11

References

about 2.11 W, which is confirmed to have an overall power efficiency of about 58%. Power
transmission efficiency is maximized when both the Tx and Rx coils have the same resonant
frequency. However, in the experiment, in order to prevent damage to the board, the
resonant frequency of the primary side and the secondary side were different, so there was
a loss in efficiency. As with the measurement results, it is confirmed that the position of
the Rx coils can be estimated by the proposed method using only the primary side, and
the power transmitted to the Rx coil can be controlled using the result. In the experiment,
4 Tx coils were used due to equipment limitations, but if the system is implemented using
a larger number of Tx coils, much more precise power transmission will be possible.

5. Conclusions

A method of estimating the position of the Rx coils without feedback and controlling
the transmitted power has been presented. The proposed method is to determine the
position of the Rx coils by analyzing the eigenvector of a specific parameter that can be
obtained using only primary side. The theoretical part of the method was verified using
EM simulator. As a result of the simulation, it was confirmed that the position of the Rx
coils can be estimated using the Tx coils without any feedback. The proposed method
was verified by constructing a 4 x 2 WPT system, and it was validated that the simulation
result and the experimental result are consistent well. Furthermore, it was verified that
arbitrary power can be transmitted to the Rx coil using the result of the position of the Rx
coil. The experiment was conducted by transmitting about 1 W to Rx 1 and Rx 2, and the
efficiency for Rx 1 is about 32.93%, Rx 2 is 25.03%, and the overall efficiency is confirmed to
be 57.96%.

The proposed method can be easily extended to more Rx coils. Experiments were
conducted with four Tx coils and two Rx coils due to limited equipment. It will be able to
estimate the position of Rx coils easily by applying the proposed method for more Rx coils.
However, in order to apply to various WPT applications, future study in a larger-scale WPT
system with the proposed method is needed for the stability of the power control.
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