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Abstract

In this paper, a two-coil magnetic resonance wireless transmission system is studied to improve the transmission distance using transformers.
A conventional two-coil and four-coil wireless power transmission (WPT) system as well as a two-coil WPT system with transformers are
analyzed comparatively via circuit simulations and experiments. Circuit analysis was used to predict the transmission distance with the
highest efficiency. To verify the improvement in the transmission distance of the proposed system, transformers with inductance values of 80, 100,
and 140 pH were fabricated and analyzed through experiments and simulations. A maximum 8 parameter of 0.76 was noted when the
inductance was 80 pH and the transmitting distance was 4 cm. The experimental results almost matched the simulation results. From the
experiments, it was shown that the transmitting distance of a WPT system can be adjusted by using transformers. Additionally, it was found
that the transmitting distance is inversely proportional to the transformer inductance, and the efficiency of the WPT system decreases with the

transmitting distance.
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I. INTRODUCTION

Wireless power transmission (WPT) is a promising technol-
ogy used in charging electric devices such as mobile phones, tablet,
and electric vehicles [1-3]. Two-types of WPT technology have
been studied: a magnetic resonance method and an inductive
coupling method [4]. Inductively coupled WPT has already been
used in the industry. Moreover, the short transmission distance of
inductively coupled WP'T limits its applications. However, mag-
netic resonance WP'T transmits farther than inductively coupled
WPT, and this had led to magnetic resonance WPT being used
widely in various applications [5, 6].

The magnetic resonance between resonance coils allows for
power transmission from a few centimeters to a few meters. The
impedance matching of the transmission and receiving coils al-
lows for farther power transmission. Depending on the system,
three or four coils are used in magnetic resonance WPT [7-9].
The magnetic resonance method has a specific transmitting dis-
tance with a high transmitting efficiency. The specific distance
increases as the impedance of the source and the load is small
while that of the transmitting and receiving coils is large. The dis-
advantages of magnetic resonance WPT include the difficulty in-
volved in the impedance matching and the large volume of the
system [10].

Manuscript received November 20, 2020 ; Revised February 1,2021 ; Accepted April 13,2021. (ID No. 20201120-186])

Department of Electrical Engineering, Hanyang University, Seoul, Korea.
"Corresponding Author: Kwang-Cheol Ko (e-mail: kwang@hanyang.ac.kr)

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/licenses/by-nc/4.0) which permits

unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

(© Copyright The Korean Institute of Electromagnetic Engineering and Science.

329



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 21, NO. 4, SEP. 2021

In this paper, a two-coil WPT system with transformers is
studied to improve the transmission distance and reduce the sys-
tem volume of the conventional WPT system. The conventional
four-coil WPT system needs to be designed considering three
coupling coefficients between the coils. However, the proposed
system makes the impedance matching simpler by using a fixed
coupling coefficient for the transformers, which is nearly 1 and
the coupling coefficient between the transmitting and receiving
coil.

To verify the proposed WP'T, both the conventional and pro-
posed WPT are analyzed comparatively through simulations and
experiments. The magnetically coupled circuit model of the pro-
posed WPT is simulated and analyzed using passive circuital el-
ements. The circuit model is used in estimating the optimum
transmitting distance with a maximum transferring efficiency.
The proposed WPT is also studied by varying the inductance
of the transformers to observe the change in the transmitting
distance.

II. TwO-COIL MAGNETIC RESONANCE WPT SYSTEM
WITH TRANSFORMERS

Fig. 1 shows a schematic circuit of the two-coil magnetic reso-
nance WPT system with transformers. The circuit is composed
of the voltage source (77), the source resistance (R,), the load re-
sistance (Ry), and capacitors for resonance (C;, Cy, Cs, Cy). Helical
coils were used as the transmitting (7%) and receiving (R,) coils.
When an electric power with the same resonance frequency as
the LC circuit is applied to the transformers (7R;, 7R;), a mag-
netic field is generated from the transmitting coil. The generated
magnetic field transmits electric power to the receiving coil. Then
the receiving part of the coil operates analogous to the transmit-
ting part. The receiving part of the coil is modeled by substituting
the power source of the transmitting part to the load.

The impedance matching circuit of the transmitting and re-
ceiving coils allows for mid-distance WPT. The transformer used
in the proposed system provides impedance matching in the cir-
cuit.

By assuming that the loss from the inner resistance of the coil
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is neglected, it can also be assumed that the energy not transferred
to the receiving coil remains in the transmitting coil at the reso-
nance frequency. Therefore, the matched coils increase the trans-
ferring efficiency even though the mutual inductance is extremely
small [11]. Although it has two coils, the proposed two-coil sys-
tem has characteristics similar to the four-coil system and not the
conventional two-coil system. The RLC circuit, sharing a mutual
inductance, has a high transferring efficiency at frequencies
higher and lower than the resonance frequency.

This phenomenon is called the frequency split, which con-
verges to the resonance frequency as the mutual inductance of the
coils decreases. The frequency split is a feature of mid-distance

WPT and not observed in two-coil WPT [12].
III. CIRCUIT MODEL

The circuit model of the proposed WPT system is shown in
Fig. 2; it is used in the circuit simulation and can be analyzed nu-
merically.

The circuit model of the proposed WPT system is composed
of two T-equivalent circuits. The resonance circuit is represented
as a RLC circuit using lumped elements. The four-resonance cir-
cuit is magnetically coupled using transformers as well as the
transmitting and receiving coils. M1 and M, are the mutual in-
ductances of transformers 1 and 2, respectively. The coupling co-
efficient of the transmitting and receiving coils is /.

TR TRy
Lta'l—p J-Itn-l ] k23 I‘[i'l— Lul §
Ry
My My RI--
Vs
Rl Cl CZ C,| R4

Transmission part Receive part

Fig. 2. Equivalent circuit of WPT with transformers.

Fig. 1. The two-coil magnetically coupled wireless power transmission system with transformers.
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The first part of the transmitting circuit is composed of the
power source (7), source impedance (R,), primary leakage in-
ductance of the transformer 1 (Ls1,), and internal resistance of
transformer 1 (R;). The second part of the transmitting circuit is
composed of the secondary leakage inductance of transformer 1
(La1-), the inductance of the transmitting coil (L), and the com-
posite resistance of the internal resistance of the transformer and
the coil resistance (Ry).

The capacitors are connected in a series to the first and second
part of the transmitting circuit. The capacitance, Ci, is deter-
mined by the sum of the primary leakage inductance (L) and
mutual inductance (M,;). The capacitance, C, is determined by
sum of the secondary leakage inductance (L), mutual induct-
ance (M,;), and inductance of the transmitting coil (Z;). The re-
ceiving circuit is composed similarly to the transmitting circuit.
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Eq. (1) is represented using Kirchhoft's voltage law (KVL) to
analyze the proposed WPT system. The current of each reso-

nance circuit is calculated using KVL. The mutual inductance in
Eq. (1) is substituted with the coupling coefficient using Eq.

(2). Eq. (4), which is a power transfer function, (%), can be
derived using Eq. (1) and Eq. (3). The Sx function can be calcu-
lated using Eq. (4) [13].

M= kmny Linly )

Z1= Rs+ Ri+jw Lypyp+1/jw G,

Z,= Ry+jw Lip1—s +jw Ly +1/jw Cy,

Z 3= R3+jw Lyy_p+jw L+ 1/jw Cs,

Z4= R+ Ry+jw Ly s+1/jw Cy 3)

The WPT system is considered a two-port network. The S
parameter is calculated using Eq. (4) and is represented in Eq. (5)

[14]. (821)* represents the maximum power ratio and transferring

efficiency of the WPT.

Sy=ent. (Seoureey;
Vsource = RLoad (5)

Fig. 3 shows the transfer function of the proposed WPT sys-
tem depending on the change in the coupling coefficient (4:3) and
frequency. The red-colored area represents a highly efficient op-
eration. The figure shows a frequency split, a characteristic of a
mid-distance WPT system. The values of the circuit elements
used in calculating the transfer function are listed in Table 1.

Moreover, A tepresents the specific distance for high-effi-
ciency operation when the system is in its resonance [12]. When
ks is larger than Zuii, the WPT system is over-coupled and has
two frequencies with a high efficiency. As the coupling coeffi-
cient decreases, the frequency for a high S converges to the crit-
ical point. When £42; is smaller than Zais, the transferred power
decreases rapidly with distance.

Unlike conventional two-coil WPT, the proposed WPT
shows a frequency split and is capable of mid-distance power
transmission. The calculation of an optimum Auica is necessary
for efficient power transmission and is described in the next
section.

IV. DERIVATION OF CRITICAL COUPLING COEFFICIENT

Using Eq. (4), £sisica, which provides a high transmission effi-
ciency to the proposed WPT system, can be deduced. When the
system is in resonance, the system impedance is represented as
Eq. (6).

To simplify the equations, the inductance is substituted into
the Q-factor. Eq. (7) represents the relationship between the

Critical point

L

ﬂ.j‘

keriticar

Fig. 3. 821 graph based on the frequency of the two-coil WPT system
with transformers and the coupling coefficient of the trans-
mitting and receiving coil.
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inductance and Q-factor.

Zl= RS+ Rl

Z 2 = R2
Z 3 = R3
Z 4 = RL + R4_ (6)

Using Eq. (7), the transfer function is represented as shown in
Eq. (8).

Qn = Z: Wy = m (7)

In Eq. (8), the Q-factor with the same inductance is organized
to have the same value; Q1 = On2p = Op, Qnzs = Qmos = Qs
and Q; = Q> = Q. Because the coupling coefficient of the trans-
former is approximately 1, the coupling coefficient is substituted
t0 ky1 = kup = 1. The modified equation is given as Eq. (9). Under
resonance, the voltage gain in Eq. (9) is the same as in Eq. (3).

v,
=
jktrlk23ktr2\/Qtr1—thr1—sQtrz—thrZ—sQlQZ
kt2r1kt2rzQtrl—thrl—thrZ—thrZ—s + kczrthrl—thrl—s + k2;0,0; + ktzertrZ—thrZ—s +1

)
|43 _ k%zx/ QpQsQcoil
Vs k33Q2u+(QpQst1)? )

The critical coupling coefficient, £yiius can be derived by dif-
ferentiating Eq. (9). £ in Eq. (10) represents 425 at which the
transmitting and receiving coil transmits maximum power. The
distance between the coils is inversely proportional to ;.

QpQs +1

keriticiar = Ovor
coil (10)
According to Eq. (10), a small £ is attained when the in-
ductance of the transformer is small, and the inductances of the
transmitting and receiving coils are large. Fig. 4 shows the change
in Aqise when the inductances of the transmitting and receiving
coils are fixed, and the transformer inductance is 80, 110, and 140
uH. Depending on the transformer’s inductor, the red part of Fig.

Critical point
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0 0

< Tr 110 [puH] >

4, which represents a high-efficient operation, varies. Although
the transmitting distance is lengthened, when the transformer’s
inductance decreases, the transmitting efficiency is reduced due
to the reduced Zeisea. The values of the circuit elements used in
the calculation is shown in Table 1. The transformer’s inductance
and capacitance are calculated based on the resonance frequency.

V. EXPERIMENTS AND SIMULATION

1. Comparison of the Proposed WPT System with the Conven-
tional Two-Coil and Four-Coil WPT Systems

The proposed two-coil WPT system and conventional two-
coil and four-coil WPT systems were studied through experi-
ments. Fig. 5 shows the experimental system. The two-coil WPT
system consists of transmitting and receiving coils as well as ca-
pacitors (Cs, Cs) [4]. The four-coil system consists of a two-coil
system with the addition of a source coil and a load coil. In the
four-coil system, the capacitors are connected in a series to com-
pensate for the coil inductances [13]. The transmitting and re-
ceiving coils (with a diameter of 170 mm) are wound using a 0.05
mm enameled wire. The capacitance for the resonance operation

Table 1. Circuit element values used in calculating the Sx graph

Parameter Value
Ly, L, 330 pH
Lir1i—p> Liri—sy Lira—p> Lirz-s 100 pH
G, G 70.4 nF
G, Gs 162 nF
Ry, Ry 0.10Q
Ry, Rs 2Q
Rsources Rioaa 50Q
M1, My, 99 uH
k23 0.0001-0.5
fo 60 kHz
Frequency 0-120 kHz

Critical point

o o

< Tr 140 [uH] >

()

Fig. 4. The change in keritical depending on the inductance of the transformers used in the proposed WPT system: (a) 80 puH, (b) 110 pH,

and (c) 140 pH.
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Fig. 5. A picture of the two-coil WPT system with transformers.

is calculated using Eq. (7). The two-coil WPT system with trans-
formers consists of a source transformer, transmitting and receiv-
ing coils, and a load transformer. Transformers with a ferrite core,
which have a high permeability and high magnetic flux density,
are used in the proposed WPT system to minimize the losses due
to the frequency. To minimize the system volume, a PQ-type
core is used in the transformers, which are wound using the same
enameled wire used in the transmitting and receiving coils.

The three WPT systems were operated using a function gen-
erator, and the voltage and current were measured using the Tek-
tronix DPO3054. The WPT systems were operated at 60 kHz,
which is one of the frequencies available for high-power WPT
systems enacted by the International Telecommunication Union
(ITU). The system can operate at different frequencies when the
resonant frequency of the transformers and the transmitting and
receiving coils are the same. An acrylic structure is used to support
the coils and adjust the distance between the coils. The distance
between the coils is altered from O to 15 cm in 1 cm steps.
Through the experiments, an average Sy parameter was meas-
ured. The values of the circuit elements used in the simulation
and experiments are shown in Table 2.

Although the transmitting distance is slightly shorter than that
of the four-coil system, the experiments show that the proposed
WPT system lengthens the transmitting distance compared to
the conventional two-coil WPT system. The maximum Sy pa-
rameter for the proposed system is 0.76 at a coil distance of 4
cm. The maximum 8y parameter for the conventional two-coil
and four-coil system is 0.93 at a coil distance of 0 cm and 0.79
at a coil distance of 6 cm, respectively. The results are shown in
Fig. 6.

According to the simulations, the maximum § parameter of
the proposed WPT system and the conventional two-coil system
and four-coil system is 0.9 at 5 cm, 0.93 at 1 cm, and 0.89 at 5
cm, respectively. The simulation results are shown in Fig. 7. The

Table 2. Value of the circuit elements used in the conventional two-coil
and four-coil WPT system as well as the proposed two-

coil WPT system
Unit 2-coil 4-coil 2-coil with Tr
Lsoure, pH - 111.8 -
Llﬂfp, ans },I,H - - 80
L; pH 346 335.6 346
L uH 346 336.2 346
Ltrzfp, Ltrzf: HH - - 80
Lisai uH - 107.8 -
Cy, Cy nF - 64.2 87.3
G, Cs nF 21.2 21.2 17.2
Resourcey Risad Q 50 50 50
- 2-coil
1.0 & 4-coll
=k~ 2-coil with Tr
0.8 1
— 0.6
A

0.4

0.2+

00 * ¥ T L . T r . T ¥ ¥ T - ¥ T

0 3 6 9 12 15
Distance [cm]

Fig. 6. Experimental results of the conventional two-coil and four-
coil WPT system as well as the two-coil WPT system with
transformers (T'r).

- 2-coil
@ 4-coil
=~ 2-coil with Tr

1.0 1

0.8

0.2

0.0 5 & & © 1 v T L — T
0 3 6 9 12 15
Distance [cm]

Fig. 7. Simulation results of the conventional two-coil and four-coil
WPT system, and the two-coil WPT system with trans-
formers (Tr).
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maximum § of both the conventional two-coil system and pro-
posed system is 1 cm shorter compared to that in the simulation.
However, the maximum 8y of the four-coil system is 1 cm far-
ther compared to that of the simulation. Additionally, the exper-
imental efficiency was measured as less than that of the simula-
tion when the transmitting distance was greater. The difference
between the experiment and the simulation results is presumed
to be the measuring error of the inductance and capacitance.

2. Transmitting Distance Change Depending on the Various
Transformer Inductances

Transformers with inductance values of 80, 110, and 140 uH
were fabricated to analyze the change in Zuica With the change in
the transformer inductance. The three types of transformers were
analyzed using the same transmitting and receiving coils.

From the experiments, it is shown that Auica varies with the
change in the transformer inductance. Fig. 8 shows the change in
the Sy parameter with the transformer inductance. The maxi-
mum 8 for the transformer with 80 pH (Tr-1) is 0.76 at 4 cm.
The maximum 8 for the transformer with 140 uH (T'r-3) is 0.87
at 0 cm.

Fig. 9 shows the simulation results. According to the simula-
tion, the maximum $; for the transformer with 80 pH is 0.9 at 5
cm. The maximum 8y for the transformer with 140 uH is 0.95
at 0 cm.

Although the Zuigea and So1 values were mostly the same, Sx
demonstrated a greater difference between the experiments and
simulations. This difference tended to increase with the trans-
mission distance. Due to the operation frequency limits of the
transformer, the proposed system is operated at a lower frequency
compared to the conventional magnetic resonant WPT system.
The lower operating frequency and radiation losses are consid-
ered to be the cause of these differences.

- T
1.04 o Tr-2
-+ T3
0.8 4
— 064
-
™
i
0.4
0.2 1
0.0 T v T " v T D T Y T T v T
0 3 6 9 12 15

Distance [cm]

Fig. 8. Experimental results of $>1 depending on the transformer in-
ductance.
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Fig. 9. Simulation results of $21 depending on the transformer in-
ductance.

VI. CONCLUSION

A two-coil WPT system with transformers was studied in this
paper to increase the short transmission distance. According to
the simulations and experiments, it was shown that the proposed
WPT system transmits electric power farther than the conven-
tional two-coil WPT system and has similar operating features as
the four-coil WPT system. The system parameter was analyzed
to find Auisas, thereby giving a high efficiency to the proposed
WPT. The system parameter for the optimum distance could be
found from the experiments. i decreases as the transformer
inductance decreases, and the decrease in Z.. leads to an in-
creased transmission distance. Transformers with different in-
ductances were used in the experiments and simulations to verify
the hypothesis. A maximum § of 0.84 at 2 cm and 0. 76 at 4 cm
were obtained with inductance values of 110 pH and 80 pH, re-
spectively. Despite some slight errors, the simulations and exper-
iments can be considered as having agreement with the results.
These results will be studied in future work to obtain a WPT sys-
tem with constant power transferring efficiencies regardless of the
change in the transmitting distance.
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