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Abstract

Series resonant and strong coupling structures under an impedance matching (IM) condition of wireless power transfer (WPT)
have been widely studied. These operate under an optimal resistive load and high resonant frequency of greater than 1 MHz.
However, the optimal parameters (particular values) limit the design. The common loads are complex and the high frequency
RF sources used are usually inefficient. This paper presents a modified parallel resonant (PR) structure that can operate at a
low frequency of 15 kHz without an optimal parameter under an IM condition with a complex load. The calculated and
experimental efficiencies for a 5 cm transfer distance were 71.2 % at 15 kHz and 68% at 17 kHz, respectively. Hence, a
modified two-coil PR structure can be operated at a low frequency with high efficiency.
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transfer

1. Introduction

WPT is a transmission mechanism of the electrical power
from the power source for electrical loads without using
cables and contacts. The first WPT has existed long before
the origin of life. It is solar energy, which is used to drive for
the food chain, life, etc. Around 1900, Nikola Tesla did the
experiment of a WPT by using the Tesla Coils (Electric
Coupling). In 1963, William C. Brown demonstrated a WPT
by Microwave (Far field). However, in order to achieve the
high efficiency the presented mechanisms, they would
require the line-of-sight transmission [1]. In recent years,
WPT is based on Magnetic Resonant Coupling (MRC) as
highlighted in Figure 1 which have been widely used for
many applications because the magnetic field weakly
interacts with other materials in surrounding [2].

The two-coil Series Resonance (SR) and strong coupling
structures are also popular as shown in Figure 2, these
structures are easy to be designed by using the resonant
frequency (fo=1/2nVLC) with an optimal parameter for
achieving the IM condition [1-7]. However, there are various
problems as described below.

1. Most of the resonant frequency fo is set to greater than
1 MHz for obtaining the high efficiency [2-7] as shown in
Figure 3 [6]. But the high frequency RF sources are usually
inefficient [2].

2. An optimal parameter is a particular value that is
commonly found either an optimal transfer distance or an
optimal resistive load [1-7], which causes to limit the design.

*Corresponding author.

3. These structures are difficult to be implemented in
case of a complex load for achieving the IM condition once
the secondary capacitor and coil are fabricated.

For improving the first problem, the Parallel Resonance
(PR) structure can operate at a low frequency of less than 20
kHz [1]. Also, the second and third problems can be solved
by adding a series inductor (Lc) in the PR structure to be the
compensator as shown in Figure 4.

The modified PR structure can operate at a low
frequency of 15 kHz with arbitrary parameters under the IM
condition. This paper presents the modified PR structure
with a step-by-step design process, and proposes an accurate
equivalent circuit model (the resistive losses of the coils are
not neglected). In addition, the resistive loss is an important
factor which determines the efficiency of the WPT. So this
mechanism (adding Lc) is selected because its resistive loss
is less than the resistive losses of the matching networks (at
least two lump-devices).

2. Individual models

To start the designing of a WPT, we have to obtain
electrical parameters from the two-coil sizes of Figure 4. The
equivalent circuit of Figure 4 can be shown in Figure 5.

The resistances (R1 and Rz), the mutual inductance (M),
the accurate self-inductance (L1 and L2), and the secondary
capacitor (Cz) are described below.

1. R: and Rz can be calculated from (1) [8].
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Figure 1 Most of WPT can be mainly categorized into three types [1-9]
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Figure 2 Typical diagram: (a) Two-coil SR structure. (b) Strong Coupling structure, IEEE copyright [5]
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Figure 3 The two-coil SR structure of the ten-turn at the
transfer distance of 56 cm shows the high efficiency at about

5.26 MHz, IEEE copyright [6].
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Where p is the resistivity of copper (1.68x107% Q. m), o is
the free space permeability constant (4nx1077 H-m™), l is the
length of the conductor, and ¢ is the skin depth.

2. M can be calculated as shown below [1]

2 2
M = N,N,uo/ara, [(E - k) KGO - ZEK) )
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a Primary loop radius Ci Primary capacitor

a Secondary loop radius Cs Secondary capacitor

by Primary wire radius Z Complex load (R, + /A7)

be Secondary wire radius Z, the inner impedance of the RF source
p Pitch of primary coil v, Voltage source

p2 Pitch of secondary coil Le Compensated inductor

hy Height of primary coil Ni Number of primary turns

hy Height of secondary coil N: Number of secondary turns

d Transfer distance

Figure 4 Typical diagram of the modified PR structure

Le RlLl—M LZ—MR2

Figure 5 Equivalent circuits of modified PR structure and
RF source

where K(k) and E(Kk) are the first and second kind of elliptic

integrations, respectively. They are solved by the numerical
integration.

3 do
K = f —— )
o=

k2sin%0

E(k) = Jixll — k?%sin%0d0 (6)
0

Where,

k= 4’3132 7
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3. L1 and L2 can be obtained by (8) [7].
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4. The secondary capacitance is calculated as shown in (12)
to increase the load voltage [8].

C, = ! 12
2=t (12)
3. Theory

From Figure 5, the IM condition (Zs* = Zin) is the
maximum power transfer from the RF source to the input
impedance Zin [9]. Accordingly, we must calculate Lc and C1
for achieving the IM condition as shown in (13) and (14),
respectively. They are obtained by using L-section matching
formulas [9].

a(Zs - a) - ﬁ
[p=Y—"2s P 1
c= (13)
C = 1 |Z;—« 14
A p (14)
Where,
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) (X, — wC, XDV
A= Ry + V) +(0ly — 0CR,Y + -~ an
L
R,
Y (18)

= 2 1 w?C2R2
2
(1 — wC,X,)? + w?CZR}

The input impedance Zin as shown in (19) is calculated to
check the IM condition, Zs= Zin?.

a —wC p? - wCa?
Zin = 2 2022 +Jj e 1ﬁcz z1 2.2 (19)
(1 - wCB)? + w?Cia (1 - wCB)?* + w?Cia
Where,
— 2
w?M? (a)Lz — wCyR,y + = 0GXDY “’CZXL)Y)
Be=wLc+Ly) - . (20)

A

The efficiency (y) of the system can be conveniently
calculated by using the Z-and ABCD-parameter matrixes as
described from (21) - (23) [8].

Re{Z Z 2
0= {Z.} 21 + 100 @1
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Consequently, we describe the design process of the
proposed structure as shown in Figure 6.

1. The two-coil sizes, the transfer distance, the load, and the operating frequency
are set to match the requirements.

2. Calculating the values of @, Ry, L), R,, Ly, M, Cy, and Z;.

l

3. Calculating the values of C, and L. for achieving the
IM condition.

4. Calculating the input impedance and efficiency of the
system.

Figure 6 The design diagram
4. Design and experiment

From Figure 4, we design the proposed structure as
follows: d =5cm, a1 =a2=9cm, b1 =b2=0.5 mm, p1=p2
=1.1mm, h1=h2=12 mm, and N1 = N2 = 10 turns. The RF
source is 10 V with the inner impedance Zs = 50 Q. The
frequency operation is set to 15 kHz because the efficient RF
source is available. The commonly electrical loads are an
inductive load, so we assume the load to be ZL =15 Q + 100
pH. Then, electrical parameters of the system are calculated
by (1)-(12) and then shown in Table 1.

Table 1 Design electrical parameters

Parameter Value Parameter Value
Li= L2 (uH) 39.461 C2 (UF) 2.8529
Ri1=R2 (Q) 0.1380 Zs (Q) 50
M (uH) 9.0489 ZL(Q) 15 +j9.4248

All the parameters in Table 1 are used to calculate Lc
from (13) and C1from (14). As aresult, Lc and Ci are 26.132
uH and 1.6280 pF, respectively. Next, the input impedance
is calculated from (19) that the value is equal to 50.00 Q, so
the system achieves the IM condition. After, the efficiency

under the IM condition is calculated as 71.2701 % from (21).

500 26.13pH

13§ mQ 30412 pH 30412 uH 138 mQ
— O AN ——s

150

LA}

1.628 uF 9.0489 uH -gl 28529 puF =

.‘V 100 uH

Figure 7 The equivalent circuit of this design

An Experiment is set up according to the circuit of Figure
7 which can be illustrated in Figure 8 to demonstrate the
proposed concept and compared with the calculation result.

The measurement results of the input current and the load
voltage are shown in Figure 9 and Table 2.
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Figure 8 Experiment setup of Figure 7, the efficiency is
equal to 68 %
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Figure 9 The measured I,  and V, in the experiment
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Figure 10 The efficiency versus the frequency varies

Table 2 The signals and the efficiencies

Vs=10V Vs/Zin= lin (A) Vi (V) 3 (%)
Calculation 0.2£0° 5.46,-53.26° 71.27
Experiment 0.1924° 5.192-57.8° 68

Figure 10 shows the IM condition at the low frequency
of 15 kHz with the transfer distance of 5 cm, and the highest
efficiency in the experiment is the IM condition at the
operating frequency of 17 kHz.

From the experiment, the input current is measured as
0.1924° A as a result of the input impedance that value
approximates 52.632-4° Q, so the system of the experiment
can proceed close to the IM condition. Furthermore, the
system is conducted by varying the transfer distance from 1
to 9 cm in a step of 1 cm at setting the parameters as
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Figure 11 The efficiency versus the distance variation

presented above, while also maintaining the IM condition.
The efficiencies of the calculations and the experiments can
be shown in Figure 11.

From Figure 11, the efficiency of the system is
continuously reduced due to lower the mutual inductance.

5. Conclusion

The papers in WPT field have usually presented the SR
and strong coupling structures at operating the high
frequency of greater than 1 MHz for obtaining the high
efficiency, and they operate at an optimal parameter and a
resistive load for achieving the IM condition. But the high
frequency RF sources are usually inefficient, an optimal
parameter (particular value) limits the design, and the
common loads are complex.

This paper presents the modified two-coil PR structure
that can operate at a low frequency for obtaining the high
efficiency, and the IM condition can be achieved at a
complex load and without an optimal parameter.
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