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A study on wireless energy transfer using a system with multiple coils and a full bridge inverter at
85 kHz showed efficiency improvements with an adaptive capacity array, achieving 87.5-91.9%
efficiency. Efficiency increased in five locations and decreased in three others after impedance
matching. / Birden fazla verici bobine sahip, 85 kHz'de tam koprii invertor kullanilarak hazirlanan
bir kablosuz enerji aktarumi sistemi icin, adaptif kapasite dizisi kullanilarak %87,5-91,9 araliginda
verim elde edilen bir verimlilik iyilestirme ¢alismast sunulmustur. Calismada, kapasite
ayarlamasindan sonra verim, alict bobinin yerlestirildigi bes konumda artmis ve diger ii¢ konumda
ise azalmgtir.

Figure A: Ansys Maxwell receiver coil layout with transmitter coils and main parts of the
experimental set / Sekil A: Ansys Maxwell alici bobin ve verici bobinlere ait yerlesim diizeni ve
deney setinin ana bilesenleri.

Highlights (Onemli noktalar)
»  An innovative wireless power transfer system employing multiple transmitter coils /
Birden fazla verici bobini kullanan yenilik¢i bir kablosuz gii¢ aktarum sistemi
» Simulation and experimental study for wireless power transmission efficiency change
analysis/ Kablosuz gii¢ aktarim verim degisim analizi i¢in benzetim ve deneysel ¢alisma
»  Importance of receiver coil placement in wireless power transfer systems / Kablosuz gii¢
aktarim sistemlerinde alict bobin yerlegiminin énemi

Aim (Amag): The aim of the document is to assess the impact of a adaptive capacity array on the
efficiency of a wireless energy transfer system for various receiver coil placements. / Calismanin
amact, ¢esitli alict bobin konumlari icin adaptif kapasite dizisinin kablosuz enerji aktarim sisteminin
verimliligi iizerindeki etkisini degerlendirmektir.

Originality (Ozgiinliik): Adaptive impedance matching for a multi-coil wireless energy transfer
system using adaptive capacity array is the unique aspect of this study / Adaptif kapasite dizisi
kullanilarak ¢oklu bobinli kablosuz enerji aktarim sistemi igin adaptif empedans uyumlamasinin
yapilmasi bu ¢alismanin ozgiin tarafidir.

Results (Bulgular): The simulation and experimental study both showed efficiency ranging from
87.5% to 91.5%. The tuned capacity array was used in both studies, resulting in efficiency ranging
between 89.3% and 92.8% in the simulation and between 89.5% and 93.1% in the experimental
study. / Benzetim ve deneysel ¢alismalarinin her ikisi de %87,5 ile %91,5 arasinda degisen verimlilik
gostermistir. Her iki ¢calismada da adaptif kapasite dizisi kullanilmis, bu da simiilasyonda %89,3 ile
%92,8 arasinda ve deneysel c¢alismada %389,5 ile %93,1 arasinda degisen verimlilikle
sonu¢lanmistir.

Conclusion (Senug): In cases where the adaptive capacity array was used, the efficiency increased
in some coil positions and decreased in others. It was concluded that the resolution of the capacity
array should be increased. / Adaptif kapasite dizisinin kullamldigi durumlarda bazi bobin
konumlarimda verim artmig, bazi konumlarda ise verim azalmigtr. Kapasite dizisinin
¢oztingirliigiiniin artirilmasi gerektigi sonucuna varimigtir.
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A wireless energy transfer system was developed using multiple transmitting coils and a full
bridge inverter at 85 kHz. The system consisted of three identical transmitter coils and one
receiver coil. The study aimed to assess the impact of a tuned capacity array on the system's
efficiency for various receiver coil placements. The experiment was conducted in eight different
placements, with and without capacity tuning. The simulation showed that the efficiency ranged
from 87.5% to 91.5%, while the experimental study showed efficiency between 87.8% and 91.9%
under the same conditions. The tuned capacity array was utilized in both studies, resulting in
efficiency ranging between 89.3% and 92.8% in the simulation and between 89.5% and 93.1% in
the experimental study. The experiment revealed an increase in efficiency of 1.65%, 1.23%,
1.39%, 2.5%, and 1.28% in five different locations (A—E), respectively, while a decrease of
0.4%, 0.89%, and 0.45% was observed in three other locations (F—H), respectively.

Adaptif Empedans Eslestirme Ag Tabanh Cok Bobinli Kablosuz Gii¢
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1. INTRODUCTION (GIRiS)

Coklu verici bobine sahip, 85 kHz anahtarlama frekansinda g¢alisgan tam koprii invertor
kullanilarak bir kablosuz enerji transfer sistemi gelistirilmistir. Sistem, {i¢ 6zdes verici bobin ve
bir alic1 bobinden olugmaktadir. Caligmada, adaptif kapasite dizisi kullanilarak, farkli alici bobin
konumlarinda sistemin verim degisimi analiz edilmistir. Kapasite dizinin ayarlandigi ve
ayarlanmadig1 sekiz farkli bobin yerlesimi igin benzetim ve deneysel galismalar yapilmistir.
Ayarl1 kapasite dizisinin uygulanmadig1 benzetim ¢alismasi, verimin %87,5 ile %91,5 arasinda
degistigini gosterirken, deneysel ¢alisma ayni kosullar altinda %87,8 ile %91,9 arasinda
degistigini gostermistir. Ayarli kapasite dizisinin uygulandigi durumda ise, benzetim galismast
icin %89,3 ile %92,8 araliginda, deneysel ¢aligmada ise %89,5 ile %93,1 arasinda degisen verim
degerleri elde edilmistir. Adaptif kapasite dizisi uygulandiginda elde edilen deneysel ¢alisma
sonuglari, bes farkli konumda (A—E) sirasiyla %1.65, %1.23, %1.39, %2.5 ve %]1.28'lik bir
verimlilik artis1 ortaya koyarken, diger {i¢ konumda (F—H) sirastyla %0.4, %0.89 ve %0.45'lik
bir diisiis meydana geldigini gostermistir.

over-connected situation where the distance

In typical two-coil wireless power transmission
(WPT) systems, the maximum output power can be
achieved at an optimal transmission distance that
satisfies the critical connection condition between
the transmitter (Tx) and receiver (Rx) coils [1].
However, the output power is significantly reduced
outside the optimal transmission distance.
Generally, wireless EV chargers can provide
maximum load power in a center-aligned state, as
this condition has maximum magnetic coupling[2-
5]. Typical two-coil WPT systems are very
responsive to the operating environment[6]. In an

between the coils is shorter than the optimal transfer
distance, the system inevitably acquires
unnecessary  reactance  components,  which
decreases the output power at the operating
frequency [7]. However, the magnetic coupling
between the transmitter (Tx) coil and the receiver
(Rx) coil rapidly decreases due to misalignment
between the Tx and Rx coils, resulting in a reduced
power distribution capacity; therefore, conventional
Tx and Rx coil sets often have tight misalignment
tolerances. Simple two-coil groups are not preferred
due to the very low misalignment tolerance and the
significant reduction of the magnetic coupling due
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to misalignment. Increasing the size of Tx and Rx
coils based on the loop shape is just one of the
methods to increase the tolerance for misalignment,
but it is not practical due to the limitation of
mounting areas for the coil set in vehicles[8]. The
two most prominent misalignment problems
observed in WPT systems are angular [9] and
lateral[10] alignment. When studies are examined,
automatically controlled alignment systems for
central alignment can be used in EVs to guide EVs
to charging  stations, such as giant
magnetoresistance (GMR) sensors or mobile
communications [11, 12]. However, these guided
systems require additional complex systems, and if
the alignment systems fail, there may be a power
distribution failure. To increase the tolerance for
large misalignment, special coil structures can be
used, for example, double D (DD), double D
quadruple (DDQ), and bipolar (BP) pad [3-5, 13-
15]. Although such coil structures can increase
lateral ~ misalignment  tolerance,  diagonal
displacement becomes a significant issue as a
potential worst-case scenario, as longitudinal and
lateral displacements often occur simultaneously.
Many studies focus on [16-21] to deal with
misalignment problems. Although appropriate
topologies are selected for specific operating
conditions, reduced capacity to provide load power
cannot be avoided if misalignments occur [16, 17].
Although the load power can be regulated under
misalignment by various control methods such as
frequency modulation control via in-band or out-
band communication[18, 19], variable switching
capacitance [20, 21], the power efficiency
inevitably decreases, which eventually reduces
system efficiency and results in heat dissipation of
the Tx coils.

This study investigates the effect of mutual
inductance analysis and power transmission
efficiency analysis on the solution of the alignment
problem in cases where variable switching
capacitance is applied and not applied for a wireless
energy transfer system with a multi-coil simple
transmitter (Tx) structure. The simple structure of
the coil structure is investigated to determine
whether the efficiency can be increased without any
structural changes in existing systems. Keeping the
cost of transformation to a minimum in existing
systems is the main focus of the study. In the study,
circuit analysis for a wireless energy transfer system
with three transmitting coils was carried out in
Section 2, the analysis of impedance in alignment
problems by finite element method was carried out
in Section 3, and the change analysis of
transmission efficiency with variable switched

capacitance application was carried out in Section
4.

2. ANALYSIS (ANALIiz)

A wireless energy transfer system model with a
simple coil structure involving three transmitter
coils and one receiver coil has been studied. All
three transmitter coils are identical to each other.
The system has a high-frequency full-bridge
inverter as a power source. The transmitter coils in
the system are connected in series. The equivalent
circuit of the system is given in Figure 1.

Figure 1. Equivalent circuit model of the wireless

energy transfer system (Kablosuz enerji transfer
sisteminin esdeger devre modeli)

L+ denotes the input impedance in the equivalent
circuit, while Ct represents the capacitance in
parallel. The transmitter coils are identified as L,
L., and Ltz in the same circuit. The internal
resistances of each transmitter coil are shown with
Rr1, Rr2, and Rrs, respectively. Cr capacity is given
to meet the resonance condition of the transmitting
circuit. The input impedance of the transmitter
circuit Zs consists of the sum of the input inductance
and parallel capacitance, which is given in Equation
1.

1
Zr = jwLf + ——
f]wijf 1

The total inductance of the transmitter coils is
expressed by Lrsum given in Equation 2. In addition
to containing the self-inductance Ly of each coil in
the total inductance; it also contains the mutual
inductance between the coils, which is one of the
most important parameters for wireless energy
transfer. Here, the fact that the transmitter coils are
in a fixed position remains constant by not changing
the mutual inductance between the coils.

3 2 3
Lty = z Ly, + 22 z Mz, 2
i=1

i=1 h=i+1
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The equation expresses the mutual inductance as
M between the h and i'th coils. It constitutes the
sum of the mutual inductance values M, between
the first and second coils, M3 between the second
and third coils, and M3 between the first and third
coils, respectively. The sum of the internal
resistances of the transmitter coils are expressed in
Rrsum and is calculated as given in Equation 3:

3
RTsum = z RTi 3
i=1

After the parameters in the equivalent circuit are
calculated in this way, the equivalent impedance of
the transmitter circuit is calculated as follows.

- jwCr  jwCr

ZT + ijTsum + RTsum 4

The transmitter circuit's equivalent impedance will
be wvariable to create resonance conditions,
regardless of whether the Cr capacity is constant or
variable. In addition to the mutual inductance
between transmitter coils, there is also mutual
inductance between each transmitter and receiver
coil. The mutual inductance between each i'th coil
and the receiving coil is expressed as Mrir and is
calculated as presented in Equation 5.

3
MTiR :zMTiR +ZMTiR 5
i=1

The equivalent impedance of the receiving circuit is
expressed as Zr as given in Equation 6. It consists
of the sum of the self-inductance Lr of the receiving
coil, the internal resistance Rg of the coil, the
resonant capacity Cr and the receiver circuit load
resistance R..

ZR =]O)LR +

1
ot Rt Ry 6

For the transmitter circuit to achieve the resonance
requirement in the system, the sum of the serial
capacity Cr, the sum of the self-inductances of the
coils Lt and their mutual inductances M+hri and the
input inductance Ly must be equal to zero as given
in Equation 7.

1 3 3 i-1
JQ)CT+](U ZLT1+ZZ Z MThTi_Lf =0 7
i=1 i=1 h=i+1

In this case, the source current It is equal to the ratio
of the applied voltage Us to the input impedance

Iy = Us 8

The Ir current passing through the receiving circuit
varies depending on the transmitting circuit current.
The It current flowing through the transmitting
circuit induces a voltage in the receiving circuit
depending on mutual inductance. The induced
voltage passes the Iz current through the total
resistance resistances of the receiving circuit
(Rg + R;). When the Iy current obtained in
Equation 8 is written in place as in Equation 9, a
current relationship is established between the
transmitter circuit and the receiving circuit.

_JoMrgly  UsMrp

I, = =
BT (Rr+R,))  Lf(Rg +R,)

Receiving circuit power Pr is obtained as shown in
Equation 10, depending on the current I, =
Us/jwLys flowing through the transmitting circuit.

2
USZ(Z?—I MTiR) RL
L;*(Rg + R,)?

Pr = Iz%R, = 10

The total efficiency of the system 7 is given in
Equation 11 by the ratio of the power transferred to
the receiving circuit and the transmitter circuit
power 1.

_ [Iz|*R;,
|17]? i3=1 Rr, + [IrI?(Rg + Ry)

n

0 (TyMrpR) 11

(Rg+R.)? L

2

?:1 Rr. + —wZ(Z?ZlMTiR)
L (Rr+RL)

In this way, the efficiency # can be determined
depending on the transmitter circuit power obtained
due to the mutual inductance of each transmitter coil
of the receiving circuit with the receiving coil Mrir
and the transmitter circuit power depending on the
Mrir. The efficiency analysis emphasized in
Equation 4 is facilitated by the mutual inductance
between the transmitter and receiver circuit. This
allows for the variation analysis of Mrir concerning
the transmitter circuit's resonance capacity.

3. SIMULATION (BENZETIM)

Each self-inductance and mutual inductance value
between the transmitter coils and the receiver coil
was analyzed using the finite element method in
Ansys Maxwell software. The analyzed coil layout
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plan is given in Figure 2. In the analysis, the
transmitter coil positions were fixed, and the
receiver coil position was performed for eight
positions from A to H points. The outer diameter of
the coils used in the analysis is expressed as I, the

outer diameter of the receiver coil is Ig, the height
between the plane of the transmitter coil and the
receiver coil h, and the distances between each
transmitter coil and the other transmitter coil are
expressed as D1z, D23, D13, respectively.

Figure 2. Ansys Maxwell receiver coil layout with transmitter coils (Verici bobinler ve Alic1 bobine ait Ansys
Maxwell goriintimii)

The center points of the transmitter coils are
expressed as Or1, Or, and Ors, respectively, and the

center point of the receiver coil is expressed as Orx.
All the mentioned parameters are given in Table 1.

Table 1. Distances between coils, layout positions, and distances between A—H points (Bobinler arasindaki
uzakliklar, bobin konumlari ve A—H konumlar1 arasindaki uzakliklar)

Distance (mm)

Position (x, y, z) (mm)

Parameter. | I+ | Ir | h |Di2|{D13|D2| Om1 O O3 Orx’
A(-100, -100, 100)
B(-100, 350, 100)
C(200, 350, 100)
Value 250(250(100|240{240|240| (0,0,0) | (250,0,0) | (250,200,0) D(200, -100, 100)

E(67.5, 120, 100)
F(0, 120, 100)
G(100, 200, 100)
H(100, 50, 100)

The analysis was performed for each variable
receiver coil position (A—H). The self-inductances
and mutual inductances of the donor coils are
presented in Table 2 and the magnetic flux change
in the case of center alignments of the transmitter

coils and the receiver coil is shown in Figure 3. It is
seen in the table that the self-inductance values of
the transmitter coils and the receiver coil are
constant.

Table 2. Self-inductance and mutual inductance values for A—H positions of the receiver coil (Alici bobinin
A—H konumlar i¢in 6z endiiktans ve karsilikli endiiktans degerleri)

Receiver Coil Positions

A B C D E F G H
TXy1| 57.315 | 57.165 | 57.028 | 57.165 | 57.031 | 57.029 | 57.031 | 57.026
Self- TX, | 57.187 | 57.026 | 57.170 | 57.026 | 57.035 | 57.029 | 57.029 | 57.035
Inductances(uH) TX; | 56.442 | 56.429 | 56.430 | 56.429 | 56.427 | 56.427 | 56.428 | 56.427
RX | 57.035 | 57.167 | 56.176 | 57.167 | 57.008 | 57.069 | 57.008 | 57.021
M | -2.419 | -2.475 | -2.475 | -2.475 | -2.482 | -2.482 | -2.482 | -2.482
Mz | -2.656 | -2.664 | -2.682 | -2.664 | -2.683 | -2.683 | -2.683 | -2.683
Mutual Moz | -2.748 | -2.757 | -2.739 | -2.757 | -2.758 | -2.758 | -2.758 | -2.758
Inductances(uH) Mg | 0.514 -1.868 | -0.204 | -1.918 | -0.786 5.612 -2.058 | 3.919
Mor | -0.377 0.446 -1.797 | -0.231 0.528 0.682 0.111 -1.977
Msr| -0.290 | -0.668 | -1.957 | -2.122 | -0.445 | -2.168 | -1.409 | 2.516
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Figure 3. Magnetic flux change with the centers of

the transmitter coils and the receiving coil aligned
(Merkezleri hizalanmig, verici bobin ve alict bobine ait

manyetik aki degisimi)
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It is evident that the mutual inductances of the
transmitter coils, Mi2, Mas, and Mas, vary based on
the position changes of the receiving coil. Again, it
can be seen that the mutual inductance value of Mg,
M2r, and Mag between each transmitter coil and the
receiving coil varies drastically. These mutual
inductance values directly change the efficiency #
value given in Equation 11 and affect the system's
efficiency. It is possible to reduce this effect by
changing the Cr capacity in the transmitting circuit.

The control of Cr capacity was done with the help
of the algorithm presented in a previous study, and
the efficiency analysis of the system was made in
Section 4 [22]. The flow diagram of the algorithm

used is given in Figure 4.

IsValue Positive?
N

v

Equivalent=Capacity(n)}+Equivalent |-—
Save Dutput Binary Array
Output(n)<1
Calculate Difference Between
Input And Output
Is Difference <07

Y

Y
Find Min Value From Nearest
Value

Figure 4. Capacity calculation algorithm(Kapasite
hesaplama algoritmas1)[22]

Create Capacitance Array

Create ZeroMatrix For Nearest
Value And Qutput
[0000000000]

Calculate Diffe Bety
Input And Output
Find Nearest Capacitor Value And
Save To Dutput Array

Column=n;

L

Equivalent impedance calculations for the cases
where the capacity array is applied and not applied
are calculated as given in Figure 5. In the
computation, equivalent impedance values were
obtained for the resonant frequency of the system
85Khz. The impedance change for each coil
position (A to H) was analyzed.

with tuned C1@A

24} i Z,

2

20

@

———— Zu1 ‘with untuned C1@A

2, with untuned C1@8
7 - - - - 2, winuntuned C1@C
———— Zm with untuned C1@0
= wailhunlunedci@E
[ Z.'l with untuned C1@F

Z—m with untuned C1@G
cema zm with untuned C1@H

=

~

Impedance Response(Q)

=}

8
80000Hz 85000Hz

Frequency(Hz)

Figure 5. Equivalent impedance of WPT system
with/without tuned capacitor array for positions
A 10 H (A'dan H'ye kadar olan konumlar i¢in adaptif kapasite

90000Hz
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dizisi uygulanan/uygulanmayan WPT sisteminin esdeger
empedanst)

By calculating the efficiency of the system
according to the impedance change, the graph was
obtained in Figure 6. In the chart, it is seen that the
efficiency for points A, B, C, D, and E increased by
1.78%, 1.97%, 1.48%, 2.52%, and 1.30%,
respectively. Adjusting the capacity array for
positions F, G, and H resulted in a decrease in
efficiency. The capacity array was underestimated
because the mutual inductance was negative if the
receiver coil was positioned at the midpoints of the
transmitter coils with each other. For this reason, a
decrease in efficiency has occurred at these points.
Here, it is concluded that the algorithm used in
capacitance array tuning cannot respond to the
negative variation of mutual inductance.

93 A N=9279% |
7 A

Untuned C1
v = = Tuned C1
/

92
nE-‘1.49%

©

Efficiency(%)
8
&
2

n,=B9.25% _ n,=B9.32% .
prem =02 ’

©
©

-~ $ - 4
n=88.81%

@
@

h,=87.47% - .
In ng=87.35%  n,=87.33% \Wzar s4%
.

n,=87.47%
87

1 | I L |
A B c D E F G H
Receiver Positions(Point:A—H)

Figure 6. Efficiency analysis of tuned/untuned

capacitor from A to H (A'dan H'ye ayarlanmus
/ayarlanmamig kapasitenin verimlilik analizi)

4., EXPERIMENTAL RESULTS (DENEYSEL
SONUCLAR)

The experimental study consists of five main parts,
as given in Figure 7. The main parts are the power
and control card (A), the transmitter coil group (B),
the receiver coil (C), the receiving circuit power
card (D) and the digital signal processor (DSP) that
provides the control of the system. The grid voltage
is rectified using the uncontrolled rectifier circuit
(F) in the power and control card, and the high-
frequency inverter DC bus voltage is produced. The
DC Bus voltage is applied to the Mosfets (K) to
create a high-frequency full bridge inverter with 85
kHz switching frequency. The drive circuits (I and
J) are fed using the drive supply circuits (G and H)
of the Mosfets. The switching signals of the drives
are generated by the DSP and controlled operation
of the inverter is ensured. High-frequency voltage is
applied to the transmitter coil group (B) over the
parallel capacity (L) at the inverter output. The
measurement of the output current and voltage
required to control the inverter is carried out by the
measuring circuit (M). The obtained measurement
signals are converted by amplification, filtering, and
Zero-crossing detector circuit(N) to a level the DSP

can detect. Here, the Zero-Crossing detector circuit
calculates the phase difference between current and
voltage.

The energy transferred by the transmitter coil group
is transferred by the receiver coil (C) to the
receiving circuit power board (D). The energy is
transferred to the receiver load (P) via the resonant
capacitor (O) placed by the system's resonant
frequency on the receiving circuit power board.
Experimental studies were carried out using this
mechanism.

/D

Figure 7. Main parts of the experimental set (Deney
setinin ana bilesenleri)

In the first experimental study, the receiver coil was
positioned in position A, and current, voltage, and
phase difference measurements were performed.
The results presented in Figure 8 were obtained.

GRATER M200ns  00s | MEASURE
¥ CHL
Vmax
, 80V
CH1
Vmin
800V |
CH2
T Vmax
, LV
CH2
Vmin
-112v
CH2
[E— Frod
£=85.5700kHz 853z
CHI1 ™\/50.0VIl] CH2 ~\2.00Vill CHL £  30.0mV

Figure 8. VVoltage-current graph for positions A and
B (A ve B konumlar igin gerilim-akim grafigi

In this experiment, the transmitted power was
realized as 660.23W, and the phase difference was
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measured as 43.94°. The same experiment was
performed in position B; the transmitted power was
659.34W, and the phase difference was 44.21°.

The test was repeated by bringing the receiver coil
to the C position. The power obtained at this
position was 556.48W, and the phase difference was
41.99°. When the receiver coil is turned to the D
position, 553.32W power, and 42.08° phase
difference are obtained. The same results were
obtained at both locations, and the voltage-current
graphs are presented in Figure 9.
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Figure 9. Voltage-current graph for positions C and
D (C ve D konumlari igin gerilim-akim grafigi)

The receiver coil position has been moved to the E
position at the center point of the transmitter coils.
At this position, 864.90W of power was transmitted
with a phase difference of 39.44°. The voltage and
current graph of the experiment are given in Figure
10.
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Figure 10. Voltage-current graph for position E (E
konumu igin gerilim-akim grafigi)

Here, unlike previous experiments (A-D positions),
it was observed that the transferred power increased
and the phase difference decreased. The better
alignment of the transmitter coil group and the
receiving coil increased the flowing energy, and the
phase difference decreased due to the
approximately equal mutual inductance between the
coils.

When the receiver coil is moved to the F position,
the transmitted power is obtained as 961.87W, and
the phase difference is 30.81°. The obtained
voltage-current graphs are given in Figure 11. Here,
the transferred power increased and the phase
difference decreased because of the mutual
inductance both of the transmitter coils was positive
and the mutual inductance between the other coil
was negative.
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Figure 11. Voltage-current graph for position F (F
konumu i¢in gerilim-akim grafigi)

When the coil position is brought to the G-point, the
transmitted power is 594.60W, and the phase
difference is 57.93°. The voltage-current graphs of
the experiment are presented in Figure 12.
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Figure 12. Voltage-current graph for position G (G
konumu i¢in gerilim-akim grafigi)

In the experiment, the mutual inductance between
two of the transmitter coils was negative, and the
mutual inductance with the other coil was positive,
which disrupted the inverter load match, so the
transferred power decreased.

In the last experiment, the power transferred in the
receiving coil brought to the H position was
553.22W, and the phase difference was obtained as
60.93°. Because the receiver coil position is similar
to the situation in position G, the transferred power
and phase difference  values  remained
approximately equal. The obtained voltage-current
graphs are presented in Figure 13.
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Figure 13. Voltage-current graph for position H (H
konumu i¢in gerilim-akim grafigi)

In the experiments carried out so far, the transmitter
circuit capacity has not been tuned and has been
kept constant. In the experiments at constant
capacity value, the highest power transferred
according to the receiver coil position was
961.87W, and the lowest was 553.22W. The
experimental study was tested by repositioning the
receiver coil to the E position, which is the center
point of the transmitter coils, and applying the tuned
capacity. The adjusted capacity application was
carried out with the capacity calculation application,
the flow diagram of which is presented in Figure 4,
and results are presented in Figure 14.
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Figure 14. Voltage-current graph using tuned
capacitor for position E (E konumu igin adaptif kapasite
dizisi uygulandiginda gerilim-akim grafigi)

As a result of the application, the power value
transferred at point E increased from 864.90W to
1307.15W. In addition, the phase difference
obtained in the application without capacity
adjustment was reduced from 39.44° to 16.02°. It
has been achieved to increase the value of
transmitted power by approximately 33%. All
experiments were repeated for A to H positions,
data were obtained, and the efficiency calculation of
the system was made according to Equation 12. The
measured efficiency and the efficiency values
obtained in the simulation study are compared in
Figure 15.

Efficiency(%)

Receiver Positions(Points:A—H)

Figure 15. Efficiency analysis with/without tuned

capacitor from A to H (A'dan H'ye adaptif kapasite dizisi
uygulanmig/uygulanmamig durumlar igin verimlilik analizi)

In the simulation results without capacity tuning,
the efficiency varied between the lowest, 84.95%,
and the highest, 91.49%. In experiments conducted
without capacity tuning for the exact locations, the
efficiency was calculated as the lowest at 87.36%
and the highest at 91.93%. In the simulation results
where capacity tuning was made, the efficiency
varied between the lowest, 88.13%, and the highest,
92.79%. In the experiments where capacity tuning
was made for the same positions, the efficiency was
calculated as the lowest at 89.51% and the highest
at 93.11%. Approximately the same rates of change
were obtained. The calculated and obtained
efficiency values overlap when all the simulation
and experimental study results are evaluated.

5. CONCLUSIONS (SONUCLAR)

A wireless energy transfer system with multiple
transmitting coils uses a full bridge inverter with an
operating frequency of 85Khz. Three transmitters
and one receiver coil used in the system were
modeled and applied. The situations in which the
tuned capacity array is used and not used in the
system are discussed, and its effect on the system's
efficiency is investigated. Simulation and
application studies were carried out for eight
different receiver coil placements. In the simulation
studies, efficiency analysis was performed for the
situations where there was and no capacity tuning.
In the simulation results, the efficiency was
obtained between the lowest, 87.5%, and the
highest, 91.5%. Under the same conditions,
efficiency analysis was performed in the
experimental study. The lowest was 87.8%, and the
highest was 91.9%. Simulation and experimental
studies were repeated with the tuned capacity array.
In the simulation study, the efficiency was between
the lowest 89.3% and the highest 92.8%, and in the
experimental study, the lowest 89.5% and the
highest 93.1%. As a result of the experimental
study, it was seen that the efficiency was increased
by 1.65%, 1.23%, 1.39%, 2.5%, and 1.28% for five
different locations (A—E), respectively, while it
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decreased by 0.4%, 0.89% and 0.45% for three other
locations (F—H), respectively. In cases of reduced
efficiency, it was concluded that the resolution of
the capacities in the tuned capacity application was
not sensitive enough. In future studies, it is
necessary to conduct comprehensive studies such as
capacity tuning with higher resolution and using
different control algorithms.
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