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Abstract. This paper proposes a new wireless power transfer system that stabilizes the power supply
to the load of a mobile object whose position is not stable. This wireless power transfer system works
by matching the frequencies of the AC power supply, the source coil resonator, the sending coil
resonator, and the receiving coil resonator. In this system, all circuit impedances are always matched.
The position of the source coil is moved to the optimum position so that the current from the power
source remains constant. Then, the coupling coefficient between the source and sending coils is
changed according to the coupling coefficient between the sending and receiving coils, and the power
supply to the load circuit is stabilized.

1. Introduction

Magnetic resonant coupling is one of the most effective wireless power transfer (WPT) technology.
The WPT system has a transmitter with a sending coil and a receiver with a receiving coil [1-13]. The
design of the WPT system requires consideration of changes in alignment and in distance between
these coils. The receiver in a moving object such as a helicopter easily changes distance from the
transmitter [14, 15]. The magnitude of the received power decreases when the distance changes.
Wireless power transfer efficiency (PTE) improves significantly by adjusting the distance between the
source and sending coils according to the distance between the sending and receiving coils [4].
However, in that research, since the WPT system having a resonator whose resonant capacitance is the
self-capacitance of the transmitting / receiving coil was studied, there was a problem that the shape of
the coil was limited.

In this paper, we propose a new WPT system that can set the shape of the coils freely, and the WPT
system compensates for the power supply to the load circuit according to the movement of the
receiving coil Ls. It stabilizes the power supply to the load circuit of moving object whose position is
not stable. To stabilize the power supply to the load circuit, the WPT system detects the current from
the power supply and moves the position of the source coil according to the distance between the
sending and receiving coils, which controls the mutual inductance (coupling coefficient) between the
source and sending coils.

2. Real-time Power Adjusting Method

Figure 1 shows an experimental setup of the WPT system. In the WPT system, the source coil L; at
the bottom of the figure is placed adjacent to the sending coil L2. The source coil L;is 13-turn coil with
a diameter of 20 cm. The source coil L; is placed off-axis from the axis of the sending coil L2. The
sending coil L2, the receiving coil L3, and the load coil L4 is aligned in the coaxial direction. The load
coil L4 is a one-turn coil. This WPT system moves the source coil L; perpendicular to the coil axis
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when the receiving coil L3 moves. Moving the coil L; controls the coupling coefficient between the
source coil L; and the sending coil L2. It adapts to the movement of the receiving coil L3 and
compensates for the power supply to the load circuit, and greatly improves the wireless power transfer
efficiency.

Fig. 1. Experimental setup.

2.1 WPT system configuration

Figure 2 shows the scheme of the experimental setup. Figure 3 shows the equivalent circuit of the
WPT system. The WPT system has 2MHz resonators with a coil and a discrete capacitor. The
resonators are a source coil resonator which has a source coil L; and a resonant capacitance C; and a
power supply, a sending coil resonator which has a sending coil L2 and a resonant capacitance C>, a
receiving coil resonator which has a receiving coil L3 and a resonant capacitance C3, a load coil
resonator which has a load coil L4 and a resonant capacitance Cs and a load resistance R+. The shape
of the coils can be selected freely, and the capacitance of the discrete capacitor is selected accordingly.
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Fig. 2. Scheme of experimental setup.
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Fig. 3. Equivalent circuit.

In the equivalent circuit of Fig. 3, the load circuit which has a rectifier and an LED and a DC motor
is simplified to one load resistance Rv. In the circuit, all circuit impedances are always matched at a
frequency of 2 MHz. In this paper, the fixed angular frequency of 2n x (2 MHz) is represented by .

The WPT system has an AC power supply S.G. with an output impedance of 50 Q, a frequency of
2 MHz, and a constant voltage amplitude. The AC power supply S.G. is connected to the source coil.
The source coil L; and the sending coil L2 are inductively coupled to each other with a coupling
coefficient of k;. The sending coil L2 and the receiving coil L3 are inductively coupled to each other
with a coupling coefficient of k2. The coupling coefficient is the ratio of the mutual inductance between
the coils to the self-inductance of the coils. The receiving coil L; and the load coil L4 are inductively
coupled to each other with a coupling coefficient of k3.

The inductance of the sending coil L> and the receiving coil L3 is 7.56 uH, respectively. The
capacitance of C> and Cs is 838 pF, respectively. The inductance of the source coil L; is 87 uH, and
the load coil L4 is 1.3 uH. The load resistance R+ is 25 Q. Resonant capacitance C; is 73 pF, Cyis 4870
pF.

The electric power is transferred from the source coil L; to the load resistance R+ via the coils L2
and L3 and L4. Fig. 4 shows the coupling coefficient k> corresponding to the distance d>3 between the
coils L2 and L3.
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Fig. 4. Coupling coefficient k. between the coils L, and Ls.

The measured coupling coefficient k2 and the simulation results are in good agreement. When the
distance d23 between the coils L2 and Ls increases, the coupling coefficient k2 decreases.

The source current i; supplied from the power supply S.G. is detected to control the circuit. The
position of the source coil L; is moved so that the source current i; remains constant. Then, the coupling
coefficient ks between the source coil L; and the sending coil L2 is set according to the distance d2;
between the coils L2 and L3 as shown in Fig. 23. And the coupling coefficient £; is set according to the
coupling coefficient k2 as shown in Fig. 24. By moving the sending coil L; in this way, the power
supplied to the load resistance R+ of the moving object is stabilized.
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2.2 Shapes of the coils in the WPT system can be selected freely

In this WPT system, the shapes of the coils can be selected freely. In the WPT system, quality
factors Q2 of the sending coil resonator, quality factor Qs of the receiving coil resonator, and the
coupling coefficient k2 between coils L2 and L; are the important factors that determine the power
transfer efficiency of the WPT system. Replacing the sending coil L2 or the receiving coil L3 with a
coil of a different inductance (with the resonant capacitance replaced) did not changed the performance
of the WPT system.

Figure 5 shows another experimental setup of the WPT system. This experimental setup has 80 uH
coils L2 and L3.

Rectifier

Load coil L4

g S ——————

Receiving coil L3

Sending coil L2 §

Fig. 5. Experimental setup. This WPT system works at 1.1 MHz. The inductance of L, and L3
is 80 yH. They are double layer coils with 14 turns of flat conductor tape.

LED

. Propeller

Rectifier

Load coil L4

Receiving coil L3

Sending coil L2

Fig. 6. Experimental setup. This WPT system works at 1.1 MHz. The inductance of L, and L3
is 1.7 uH. They are 2-layer coils. They are coils with one turn of flat conductor tape.
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Figure 6 shows yet another experimental setup of the WPT system. This experimental setup has
1.7uH coils L2 and Ls.

Replacing the coils did not change the performance of the WPT system. Therefore, the quality
factors 0> and Q3 are more important than the shapes of the coils. And the coil shapes of this WPT
system can be selected freely.

2.3 Sending coil L; and receiving coil L;

Figure 7 shows the coil that was used for coils L2 and Ls.

Fig. 7. Three-turn spiral coil. Inductance is 7.56 pyH. AC resistance Rac is 0.31 Q. Quality
factor is 313 at 2 MHz.

Three-turn spiral rod-coil with outer diameter of 47 cm was used for the sending coil L2 and the
receiving coil L3. The 3-turn spiral rod-coil is a rod coil with a square cross section with a side of 1 cm.
And on the surface of the rod coil, there is four parallel copper tape conductors with a thickness of
0.07 mm. The volume resistivity of the copper tape was 1.42 times the resistivity of pure copper. The
inductance of the coil is 7.56 pH. The self-resonant frequency of the coil is 11 MHz and the self-
capacitance of the coil is 18 pF. The externally added lumped capacitance (resonant capacitance C> or
Cs minus self-capacitance) is 820 pF.

The coupling coefficient k2 between the coils L2 and L3 corresponding to the distance between them
are shown in Fig. 4. When the distance between the coils L2 and L is about 47 cm that is same as the
diameter of these coils, the coupling coefficient k2 between the coils is about 0.03.

2.3.1 Q-factor measurement of the coils L, and L3

The quality factor (Q factor) Q02 of the sending coil resonator and Qs of the receiving coil resonator
were almost the same as the quality factor of these coils. The quality factor of these coils is influenced
by the coil size and resonant frequency. To increase wireless power transfer efficiency (PTE), the
quality factor of the resonant coils must be high.

A 2 MHz resonator was constructed using this coil and a high-Q lumped resonant capacitor with a
capacitance of 820 pF. We made a high-Q PTFE film capacitor for the experiment. The measured
quality factor of the resonator at 2 MHz was 313. The quality factor of the coil is inversely proportional
to the AC resistance Rqc of the coil. The measured AC resistance Rac of the coil was 0.31 Q. The AC
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resistance Rqc is about 4.4 times the 0.071 Q AC resistance of a straight rod wire with the same length
and surface area as this coil. This ratio 4.4 is AC resistance ratio of the coil.

2.3.2 Proximity effect factor of the coil

One of the causes of this AC resistance ratio 4.4 is thought to be the proximity effect [16]. R.G.
Medhurst has provided data on the AC resistance of coils based on numerous experiments in 1947
[16]. Table 1 shows a part of Table 8 in Medhurst's report.

Table 1. Proximity Effect Factors (W) of Coils.

(Coil Length h)/(Coil Diameter D)

Wire d/pitch
00/ 02| 04 10.0| =
1.0[[ 531 545 565 3.23] 3.41
0.9 3.73) 3.84] 3.99 293 3.1
0.8 2.74] 2.83] 297 265 2.815
0.7 212] 22[ 228 227 251
0.6 1.74] 1.77] 183 21| 222
0.5 1.44] 148 154 1.83 1.93
0.1 1.02] 1.02] 1.03 1.04] 1.05

Table 1 shows proximity effect factors (¥) based on the geometrical characteristics of the coil.
Proximity effect factor () is the ratio of the AC resistance of the coil to that of a straight wire of the
same length and surface area. Figure 8(a) shows the wire diameter d and wire pitch. The left column
of the Table 1 shows the (wire diameter d) / (wire pitch) parameters of the coil.

d Coil
wire G0
pitch Length hl‘é,_/_::%’
wire >
Diameter D
(a) Wire pitch (b) Coail length h and coil diameter D

Fig. 8. Proximity Effect Factors (W) of Coils.

The proximity effect factor (V) in the lower column of Table 1 shows the proximity effect factor
() of a coil with sparsely arranged parallel wires. Fig. 8(b) shows the coil length h and coil diameter
D. The top column of the Table 1 shows the (coil length h) / (coil diameter D) parameters of the coil.
Medhurst has examined coils with 30-50 turns, so the information that Medhurst data shows is limited
to coils with many windings.

In the following, we will consider the table data corresponding to the measurement results for a 2
cm wide tape coil. The data corresponding to the coil is the data on the left side of Table 1 showing
the coil with a small (length h)/(diameter). The 2 cm wide tape-like coil is equivalent to a coil with
closely spaced wires at the top of Table 1. Therefore, 5.31 and 5.45 in Table 1 can be used as the data
corresponding to the equivalent coil bundle of the tape-like coil.

The surface area of a tape-like conductor is (2/7) times the surface area of the equivalent coil bundle.
The surface area of a straight circular cross-section wire with the same length and surface area as this
tape-like conductor is (2/m) times the surface area of the equivalent coil bundle. The AC resistance of
the straight circular cross-section wire is (7/2) times the AC resistance of the straight circular cross-
section wire of the same length and surface area as the equivalent coil bundle. Therefore, the ratio of
the AC resistance of the tape-like conductor coil to the AC resistance of a straight circular cross-section
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wire with the same surface area as this tape-like coil is (2/m) times the data 5.31-5.45. This is 3.4-3.5.
The measured AC resistance ratio 4.4 is larger than this ratio.

2.3.3 AC resistance obtained by simulation

The AC resistance of the coil was calculated by simulation [6-13]. The AC resistance Rac of the
spiral rod coil was obtained by simulation using the 3D electromagnetic field simulation software
FastHenry [17, 18], which calculates the AC resistance Rac and inductance of the coil.

47 cm

J1cm
$1cm 43cm
. 39%cm
Ell | €] |&
] 5 £
2| || |5 RIS
S el |
41cm
45cm Up "
| Left| |Rigtt
43 cm D?Wﬂ
(a) Plan view of the coil model. (b) Layout of 4 copper tapes.

Fig. 9. Layout of 4 copper tapes in the coil.

Figure 9 shows the spiral rod coil of the simulation model. The model uses a spiral rod coil with
four parallel copper tape conductors with a thickness of 0.035 mm on the surface. The thickness of
0.035 mm of the tape is thinner than the depth of the copper skin effect at 2 MHz. Since the volume
resistivity of the copper tape was 1.42 times the resistivity of pure copper, the depth of the copper skin
effect is 0.056 mm at 2 MHz. The simulation gave an AC resistance of 0.34 Q. This value is close to

the measured AC resistance.
Next, as shown in Fig. 10, the coil model was changed to a model in which four parallel copper

tapes were connected at the bending points of the coil.

Connection Connection
) i
) (
Connection (1 W
) {
Up "
Loft]_ | Right Connection
Down

Fig. 10. Connection point of cupper tape in the simulation.

The AC resistance of the coil obtained in the simulation has decreased from 0.34 Q obtained in the

previous simulation to 0.24 Q.
To experimentally confirm the effect of the copper tape connection, the copper tape on the right

side and the copper tape on the left side of the spiral rod coil were connected at two bending points as

shown in Fig. 11.
12
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Fig. 11. Connection point of copper tape in the experiment.

The measured AC resistance of the coil has dropped from the previous measurement of 0.31 Q to
0.26 Q. This is thought to be because the AC resistance of each part of the coil is different.

Figure 12 shows the AC resistance Rac of the coil as a function of the frequency given by the
simulation. FastHenry simulates the characteristics of a coil with a negligible displacement current

[18], so the simulation results at frequencies lower than the coil's self-resonant frequency of 11 MHz
are valid.
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Fig. 12. AC resistance Ry of the coil as a function of the frequency.

The AC resistance Rac of the coil increases with frequency. The thickness of 0.035 mm copper tape
is thinner than the depth of the skin effect of copper, so its AC resistance is unaffected by the skin
effect. The phenomenon of increase in the AC resistance of the coil due to frequency is thought to be
due to the phenomenon that the difference in current density depending on the position of the coil
increases with frequency.

2.3.4 Further improvement of coil Q-factor

In Table 1, the proximity effect factor (V') or AC resistance Rac is reduced for coils with sparsely
arranged parallel lines. This means the quality factor will be higher if the coil wires are sparsely
arranged. A high-quality-factor coil with sparsely arranged parallel wires has been reported [8, 12].

To confirm the effect of the sparsely arranged wires, the following two coils were prepared,
measured the quality factor, and compared them. Figure 13 shows the two coils.
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(a) Conductor tape coil. (b) Sparse wire bundle coil.
L 7.0pH L 8.12pH

Ei: 907pF o2 795pF

AC resistance : 0.630Q AC resistance : 0.37Q
Quality factor : 139 at 2MHz Quality factor : 275 at 2MHz

Fig. 13. Three-turn spiral flat coil.

Figure 13(a) shows a 3-turn spiral flat coil with conductor tape. it is a flat coil in which a conductor
tape with a width of 2 cm and a thickness of 0.14 mm is wound three times without any gaps. Figure
13(b) shows a 3-turn spiral flat coil with sparse wire bundle. it is a 3-turn flat coil formed by winding
a flat wire bundle with a width of 2 cm. The flat wire bundle is a bundle of wires with a diameter of
0.2 mm arranged in a width of 2 cm with a gap of 0.2 mm. The measured quality factor of the coil with
conductor tape was 139 at 2 MHz. The measured quality factor of the coil with sparse wire bundle was
275 at 2 MHz. The quality factor of the coil with sparse wire bundle was twice that of the coil with
conductor tape.

3. Theory and numerical simulation

The electrical performance of the circuit of the WPT system is calculated by the filter theory [3].
And the voltage-current equation of the circuit has been solved [5]. Fig. 14 shows a circuit for a WPT
system simulation. Figure 15 show the results of the simulation.

KiL1120.1 K2 L2 L3 0.06 K3 L3 L4 0.09
i2,R2 i3 R3

R1

«ac lin 2400 800k 3200k

Fig. 14. A circuit for a WPT system simulation.

Figure 15 has a graph as a function of the frequency of the current iz of the sending coil L2, the
current i3 of the receiving coil L3, and the load voltage V+ applied to the load resistance R+. In the graph
of the voltage V4 on the load resistance Ry, three resonant frequencies f1, /2, and f3 are observed. In the
graph of the current i2 of the sending coil L2, only two resonant frequencies f; and f3 are observed. We
used the 2 MHz resonant frequency in the middle of the three resonant frequencies.
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Fig. 15. Results of the WPT system simulation.

3.1 Formula of ratio between currents and formula of image impedance

In the equations, the fixed angular frequency of 2 x (2MHz) is represented by ®. The current ratio
and image impedance of the equivalent circuit in Fig. 3 are derived as follows:

i, joL, [L, (kY
e —lkl(—sj , ()
i R L, k,

where, o is the fixed resonant angular frequency 2z x (2 MHz), i1 =| i1|(cos(wt)+isin(wt)).

i3 Ll kl
3= 2
il LS kE ( )
V ) —joi/L L )
e g ®
where,
kiks
s=|—1, 3b

Calculating the input voltage E that is generated in coil L; by electromagnetic induction between
the coils L; and L2 yields image impedance Eq. (4).

_E _ @’LL

Z, “(s) . (4)

m -
i R

Equation (4) of image impedance Zi is expressed by L; and L4, and there is no effect of L2 or Ls.
This means that the image impedance Zi» does not change even if the sending coil L2 or the receiving
coil L; are replaced to the coils of different inductances (with the resonant capacitance replaced).

The source current i; is derived using the image impedance Zi» as follows.

S v,
I = — 2 ]
R +Z, R + o' L1, (S)2 (%)
R,
15
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Equation (5) represents the source current i; as a function of parameter s. By substituting Eq. (5)
into Eq. (3), it yields Eq. (6).

-
v, - v,

R, +stgg ’ (6)

S(O\/LIL4 R,

Equation (6) represents the load voltage V4 as a function of parameter s. Parameter s is a function
of the coupling coefficient k; as shown in Eq. (3b).

0.20 40
< i1 >
A [ T -
= 0.15 /\ —J30%

/ -
0.10 V4 2.0
N
0.05 I~ 110
0.00 0.0
00 0.2 004 006 008 0.1

k1 /dimensionless
Fig. 16. Source current j; and Load voltage V4. The coupling coefficient k2 is 0.06.

Figure 16 shows a graph of the circuit simulation results for source current i; and load voltage V«
corresponding to the coupling coefficient k. The parameter s is a function of the coupling coefficient
ki. The simulation results matched theoretical equations. In the theoretical equations Eq. (4) to (6),
when the parameter s is kept constant, image impedance Zi» and source current i; and V4 are kept
constant. To keep the parameter s constant, the source coil L; is moved to keep the amplitude of the
source current i; constant.

When the relative position between the source coil L; and the sending coil L: is at the optimum
position, the load voltage Vs becomes maximum. When the parameter s is kept constant by making 4
proportional to k2, the image impedance Zi» will be constant. In that case, the amplitudes of source
current i7 and E will be constant in proportion to Vi. To keep V¢ constant, the position of L; is adjusted
so that the amplitude of i; is constant.

3.2 Coupling coefficient k; between the coils L; and L; obtained by simulation

Figure 17 shows an electromagnetic field simulation model and the coupling coefficient k; between
the source coil L; and the sending coil L2. In the figure, X is the horizontal shift length of the source
coil L;.
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(a) Perspective view of coils L, and L,
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X=10cm | AT
(b) Top view of coils L, and L,. (c) Top view of coils L, and L.
The horizontal shift length X of The horizontal shift length X of
the source coil L, is 10 cm. The the source coil L, is 0 cm. The
coupling coefficient k; is 0.03. coupling coefficient k; is 0.16.

Fig. 17. Simulation model and coupling coefficient k.

Figure 18 shows electromagnetic field simulation results of the coupling coefficient k; between the
source coil L; and the sending coil L2 corresponding to the horizontal shift length X of the source coil

L.

@ 020
g ]
S 0.15%
@ o k1=—0.013X + 0.153
[1}]
£ 0.10 /
T 005 .
0.00
00 20 40 60 80 100 120

X lem
Fig. 18. Coupling coefficient k1 vs. horizontal shift length X.

Equation (7) is an approximate equation of the coupling coefficient k; corresponding to the
horizontal shift length X.

ke, = —0.013x[cm] + 0.153, )

3.3 Wireless power transfer efficiency of the WPT system

The wireless power transfer efficiency (PTE) of the WPT system is calculated as follows:
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12 -1
= 2 R4I42 2 :( a + : ‘HJ > (3
(RJ[ +RJi[ +Rif) (kO EOP
where,
Pzai4k3'7 (8b)
R4k2

PTE depends on the coupling coefficient k2 between the coils L2 and L3 and the quality factors Q2
of the sending coil resonator and (s of the receiving coil resonator. Q2 and Qs are inversely
proportional to the losses of the resonators, which is the sum of the coil loss and the capacitor loss. It
is desirable to set the coupling coefficient k2 and k3 and the inductance L« so that the parameter P is
approximately equal to 1.

3.4 Effects of Coupling Coefficients between Non-adjacent Coils

Figure 19 shows the coupling coefficient between non-adjacent coils in the equivalent circuit of the
WPT system.

Source coil Sending coil  Receiving coil Load coil
C1 \ g Cc2 K2 C3 K3 Cc4
Vi Fo—
L1 L4 3 R4
L2 L3 ] Load

Py |

Source W
k4 k5

k6
Fig. 19. Coupling coefficient between non-adjacent coils.

The equations for the effects of the coupling coefficients between the non-adjacent coils of the
equivalent circuit in Fig. 19 are derived as follows:

=t (S)E(l - J | ©)
i R, Pk,

ho =& (lj[nsz k—J (10)
i, joyLL,\s k,

Zm _ £= (DaLlLAf (S)g 1_ kzkﬁ ’ (11)
" TG R, k k|

The non-adjacent coupling coefficients can be obtained by electromagnetic field simulation. k4 is
about 1/3 of k2. ks is less than k4. ks is approximately equal to k2. As shown in Eq. (9), the non-adjacent
coupling coefficient k4 effects on image impedance Zi.. As shown in Eq. (10), the non-adjacent
coupling coefficient ks effects on the current ratio i; / is. As shown in Eq. (11), the non-adjacent
coupling coefficient ks effects on image impedance Zin.

The effects of non-adjacent coupling coefficients are simulated in Simulation 2 in Chapter 4.
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4. Experimental results

4.1 Experimental setup with axial shift of the source coil

One experiment was conducted to measure the characteristics of the WPT system. Fig. 20 shows
the experimental setup.

Load coil L4 1.3uH

Receiving coil L3
7.56pH A

i | A“_l
V

C4 R4=22Q

47 em 3 d23=30cm ~80cm
Sending coil L2 c2
7.56uH _H_
2 MHz c1 — J12
S. G. —i% 8 5uH / Shift length
/ /'
Power supply Source coil L7 AL

47cm 3 turn coil

Fig. 20. Scheme of experimental setup.

For the source coil L;, a 3-turn flat conductor tape spiral coil with a tape width of 1 cm and an outer
diameter of 47 cm was used. A resonant capacitance C; and a power supply S.G. were connected to
the source coil L;. For the sending coil L2 and the receiving coil L3, 3-turn spiral rod-coil with outer
diameter of 47 cm was used. A variable capacitor C2 and Cs were used for the resonant capacitance of
the sending coil resonator and the receiving coil resonator. Resonant frequency of these resonators can
be easily adjusted with the variable capacitor. The resistance of the sliding contacts in the variable
capacitor was added to the series resistance of the resonator. For the load coil L4, a flat 1-turn coil with
outer diameter of 36 cm was used. A resonant capacitance C and the load resistance R+ were connected
to the load coil L4.

The load resistance R+ is 22 Q. The inductance of the load coil Lsis 1.3 pH and C+ is 4870 pF. The
distance between L; and L+ is 7 cm. The coupling coefficient k3 between L3 and L4 is 0.26. The
inductance of the sending coil L> and the receiving coil L3 is 7.56 puH, respectively. The capacitance of
C2 and Cs is 838 pF, respectively. The inductance of the source coil L, is 8.5 pH. Resonant capacitance
C1is 744 pF.

The currents in the sending coil resonator and the receiving coil resonator were detected by the
current sensor installed in each coil. The current sensor is made up of a current detection coil and a
sensing rectifier. The current detection coil is an air-core coil with a diameter of 48 mm. The coil has
one turn of the primary coil and 4 turns of the secondary coil. In the current sensor, the secondary coil
is connected to the sensing rectifier. The resonator current is measured by the rectified DC voltage of
the sensing rectifier. The current sensor added a series resistance of 0.08 Q to the resonator. The total
series resistance of each resonator was 0.58 Q and 0.68 Q, respectively. The source current i; was
measured by another current sensor.

The distance d>3 between the coils L2 and L3 varied from 20 to 80 cm, in 10 cm steps. When the
distance d23 between the coils L2 and L3 increases, the coupling coefficient k2 decreases. To keep the
amplitude of the source current i; constant at 0.9 A, the source coil L; was moved parallel to the coil
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axis according to the distance d23 between L2 and L3. When the source current i; was kept constant, the
load voltage V4 applied to the load resistance Rs was stabilized.

Figure 21 shows the measured power transfer efficiency (PTE) when the load resistance R+ is 22 Q.
The power output from the AC power supply S.G. is defined as a constant value of the product of 0.9A
and 4.8 V, and the ratio of the power consumed by the load resistance R+ to that power is defined as
PTE. The solid line shows the first simulation results. The broken line shows the results of Simulation
2. In Simulation 2, the coupling coefficient between non-adjacent coils are included in the calculation.

100.0
20.0
80.0
70.0
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40.0 \\
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L
20.0 Simulation 1 \\‘
100 —----- Simulation 2
0.0 I I I
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Distance d23 /cm

PTE /%

Fig. 21. Power transfer efficiency of the WPT system.

4.2 Experimental setup with horizontal shift of the source coil

Another experiment was conducted to measure the characteristics of the WPT system. Figure 22
shows the experimental setup. The same coils as in the experiment in Section 4.1 were used. In the
experiment, the source coil L; was moved perpendicular to the coil axis according to the distance d23
between the coils L2 and L3 in order to keep the amplitude of the source current i; constant at 0.9 A.

Load coil L4 1,3pH

Receiving coil L3 / < 1L w—l
7.56uH 7 :

C4 R4=220

47 cm
C3 | 423=20~80cm
Sending coil L2 Current sensor
7.56uH %{ 1c2 '///\(}{ Rectifier

2 MHz C1
d12="55cm
s.e. [ 8.5pH
— 7 . I)’,fi‘ X
¥ :
Power supply ' Source coil L1 Shift length

47cm 3 turn

Fig. 22. Scheme of experimental setup.
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Figure 23 shows the horizontal shift length X of the source coil L; according to the distance d23
between the coils L2 and L; of the experiment. k; is the coupling coefficient between the coils L; and
L>.

0.6 | 40.0
(73]
I I e R
£ \ = - 250
£ 03 20.0
=)

o '\\ - 15.0
= 0.1 X I~ P

i T ——4+—4 [ 50

0.0 0.0

0.0 100 200 30.0 400 500 60.0 700 800
Distance d23 /cm

Fig. 23. Coupling coefficient k1 and the horizontal shift length X.

Figure 24 shows the coupling coefficient ki, k2, and the parameter s. The parameter s is the ratio
between them, which is shown in Eq. (3b).
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Fig. 24. Coupling coefficient k1, k2, and the parameter s.

In the experiment, the parameter s changed according to the distance d2; between the coils L2 and
Ls. The reason the parameter s was not kept constant is due to the resonator loss in the WPT system.

Figure 25 shows the measured input voltage £ applied to the source coil L;. The solid line shows
simulation results. The broken line shows the results of Simulation 2. In Simulation 2, the coupling
coefficient between non-adjacent coils are included in the calculation. The input voltage £ was 4.8 V
except when the distance d2; between the coils L2 and L3 was 20 cm.
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nput voltage E applied to the source coil L.

Figure 26 shows the measured current iz in the sending coil L.
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Fig. 26. Current iz in the sending coil Lo.

Figure 27 shows the measured current i3 in the receiving coil Ls.
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. 27. Current iz in the receiving coil Ls.

Figure 28 shows the load voltage Vs applied to the load resistance R4.
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Fig. 28. Load voltage V4 applied to the load resistance Ra.

Figure 29 shows the measured power transfer efficiency (PTFE) of the experiment. The power output
from the AC power supply S.G. is defined as a constant value of the product of 0.9 A and 4.8 V, and
the ratio of the power consumed by the load resistance R+ to that power is defined as PTE.
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Fig. 29. Power transfer efficiency of the WPT system.

The measurement results and the simulation results were almost in agreement. The coupling
coefficient between non-adjacent coils broke impedance matching, therefore the wireless power
transfer efficiency decreased when the distance between coils L2 and L3 is small. The power supplied
to the load resistance R+ of the moving object was kept constant when the distance dz; between the
sending coil L2 and the receiving coil L3 is between 20 cm and 50 cm.

5. Conclusions

The wireless power transfer at the middle resonant frequency of the three resonant frequencies was
investigated. The WPT system moves the source coil L; perpendicular to the coil axis as the receiving
coil L3 moves. This stabilized power transfer to the load. The AC resistance of the coil increased due
to the proximity effect. The proximity effect reduced the quality factor of the coils and reduced the
efficiency of wireless power transfer of the WPT system. The quality factor of the coil can be improved
by forming the coil with sparsely arranged wires. The coupling coefficient between non-adjacent coils
breaks impedance matching of the circuit when the distance d23 between coils L2 and L3 is small. That
decreased the wireless power transfer efficiency.
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