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Abstract: An efficient wireless power transfer (WPT) system is proposed using two self-resonant
coils with a high-quality factor (Q-factor) over medium distance via an adaptive impedance matching
network using ferrite core transformers. An equivalent circuit of the proposed WPT system is
presented, and the system is analyzed based on circuit theory. The design and characterization
methods for the transformer are also provided. Using the equivalent circuit, the appropriate relation
between turn ratio and optimal impedance matching conditions for maximum power transfer
efficiency is derived. The optimal impedance matching conditions for maximum power transfer
efficiency according to distance are satisfied simply by changing the turn ratio of the transformers. The
proposed WPT system maintains effective power transfer efficiency with little Q-factor degradation
because of the ferrite core transformer. The proposed system is verified through experiments at
257 kHz. Two WPT systems with coupling efficiencies higher than 50% at 1 m are made. One uses
transformers at both Tx and Rx; the other uses a transformer at Tx only while a low-loss coupling coil
is applied at Rx. Using the system with transformers at both Tx and Rx, a wireless power transfer of
100 watts (100-watt light bulb) is achieved.

Keywords: optimal impedance matching; ferrite core transformer; magnetically coupled resonance;
wireless power transfer; impedance matching

1. Introduction

Wireless power transfer (WPT) using a magnetic field in a near-field region is a topic
that has drawn much attention recently. Concurrently, many studies have investigated
its various applications, such as in electronic appliances [1–4], medical devices [5–8], and
electric vehicles [9,10]. In [11], a WPT system that is based on magnetically coupled res-
onance using transmitting (Tx) and receiving (Rx) self-resonant coils of a high-quality
factor (Q-factor) was reported. According to [11], a higher coupling coefficient between
the Tx and Rx self-resonant coils and the lower losses in each coil are important for effec-
tive mid-range WPT. In addition, satisfying the optimal impedance-matching conditions
according to distance is a key factor for attaining maximum power transfer efficiency in
the system [11–13]. Notably, impedance matching in moving receivers has been found to
increase the power transfer efficiency substantially [13].

Few methods for the impedance matching of a WPT system using self-resonant
coils of high Q-factor have been reported. In [11], the mutual inductance between the
Tx/Rx resonant coils and the non-resonant coupling coils was adjusted by mechanically
changing the distance between the Tx/Rx resonant coils and the non-resonant coupling
coils. In [14,15], tunable impedance matching methods controlled by an array of lumped
elements were presented. Meanwhile, [16] demonstrated real-time impedance matching of
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a capacitive array using machine learning. However, using lumped elements for impedance
matching is not appropriate because the power transfer efficiency can decrease considerably
due to series inductors or capacitors of a low Q-factor. In [17], frequency-tracking methods
were suggested for adaptive impedance matching. However, a single operating frequency
would be better in commercial applications of WPT technology. In addition, as the distance
between two resonant coils increases, applying the method becomes difficult.

In this paper, a WPT system that consists of two self-resonant coils of high Q-factors
and adaptive impedance-matching networks using ferrite core transformers at Tx and
Rx is proposed. Maximum power transfer efficiency can be achieved by applying the
adaptive impedance-matching network according to the changing distance between the
self-resonant coils or by varying the load impedance. It is true that a transformer is
often used as an impedance matcher because of easy implementation, electronic adaptive
matching, and wideband behavior. However, few studies have reported on high Q-factor
WPT systems using a ferrite core transformer. In [18], the ferrite core transformer was
adopted for impedance matching, but it reduced the power transfer efficiency of the system.
In the system proposed in this paper, an impedance matching method using ferrite core
transformers causes minimal degradation of power transfer efficiency. The characterization
and design methods of the ferrite core transformer used in this method are reported herein.

This paper is organized as follows. The circuit analysis performed to obtain power
transfer efficiency and optimal impedance matching conditions is explained in Section 2.
In Section 3, the characterization and design methods of the ferrite core transformer for
the proposed WPT system are explained. In Section 4, the two fabricated WPT systems
are presented, and the proposed method and the obtained results are verified through
experiments. Section 5 provides the conclusions.

2. WPT System with Ferrite Core Transformers
2.1. Configuration of the Proposed System and Its Analysis

Figure 1a shows a schematic illustration of the proposed WPT system. The primary
coil of the Tx transformer is connected to an AC source and its secondary coil is connected
to a Tx resonant coil. The primary and secondary coils of the Rx transformer are connected
to a load and an Rx resonant coil, respectively. The Tx and Rx resonant coils both have a
parallel capacitor (C1 and C2) for adjusting the desired resonant frequency of the proposed
WPT system.

Figure 1b shows an equivalent circuit of Figure 1a. The parameters in Figure 1b are
defined as follows:

• ZS: input port impedance or characteristic impedance of the power source and lossless
• VS: equivalent supply voltage of the power source
• ZL: load impedance and pure resistive
• subscripts S1 and T1: primary and secondary coils of the Tx transformer, respectively
• subscripts L2 and T2: primary and secondary coils of the Rx transformer, respectively
• subscripts 1, 2: Tx and Rx resonant coils, respectively
• LS1 and LT2: self-inductance of the primary coil of the Tx and Rx transformers, respectively
• LT1 and LL2: self-inductance of the secondary coil of the Tx and Rx transformers,

respectively
• L1 and L2: self-inductance of the Tx and Rx coils, respectively
• C1 and C2: resonant capacitance of the Tx and Rx coils, respectively
• CT1 and CT2: resonant capacitance of the Tx and Rx transformers, respectively
• C1

′ and C2
′: sum of the capacitances of the Tx transformer (CT1) and Tx resonant

capacitance (C1) and the Rx transformer (CT2) and Rx resonant capacitance (C2),
respectively

• RS1 and RT2: sum of ohmic losses, proximity losses, and eddy current losses of the
primary coil at the Tx and Rx transformers, respectively

• RT1 and RL2: sum of ohmic losses, proximity losses, and eddy current losses of the
secondary coil at the Tx and Rx transformers, respectively
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• R1 and R2: ohmic loss of the Tx and Rx coils, respectively
• MS and ML: mutual inductances between the primary and secondary coils of the Tx

and Rx transformers
• M12: mutual inductance between the Tx and Rx resonant coils
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Figure 1. (a) Illustration of the proposed wireless power transfer (WPT) system and (b) its equiva-
lent circuit.

T-transformation to the Tx and Rx transformers and a coupling unit between the Tx
and Rx resonant coils are applied for the analysis of the system, as shown in Figure 1b.
Figure 2 shows a modified equivalent circuit of the system shown in Figure 1b.

Energies 2021, 14, 8540 3 of 15 
 

 

• RT1 and RL2: sum of ohmic losses, proximity losses, and eddy current losses of the 

secondary coil at the Tx and Rx transformers, respectively 

• R1 and R2: ohmic loss of the Tx and Rx coils, respectively 

• MS and ML: mutual inductances between the primary and secondary coils of the Tx 

and Rx transformers 

• M12: mutual inductance between the Tx and Rx resonant coils 

T-transformation to the Tx and Rx transformers and a coupling unit between the Tx 

and Rx resonant coils are applied for the analysis of the system, as shown in Figure 1b. 

Figure 2 shows a modified equivalent circuit of the system shown in Figure 1b.  

(a)

(b)

M12R1

L1
VS

Tx 

transformer

Tx 

resonant coil

L2

R2

C2 ZL

Rx 

transformer

Rx 

resonant coil

RT1RS1 RL2RT2

LS1 LL2LT1 LT2

MS ML

ZS

Tx 

transformer Secondary coil 

Primary coil

Rx 

transformer

Load

C1

Power transfer

Tx resonant coil Rx resonant coil

Source

C2

CT1 C1 CT2 

 

Figure 1. (a) Illustration of the proposed wireless power transfer (WPT) system and (b) its equivalent 

circuit. 

 

Figure 2. Modified equivalent circuit obtained by applying T-transformation to each coupling unit. 

Z1, Z2, Z3, Z4, Z5, and Z6 are the impedances looking into the load ZL at each coupling 

unit. XS, X1, X12, X2, and XL denote the transmission (ABCD) matrices of each coupling 

unit. They are defined as follows [19]: 

𝑋𝑠 = [
0 −𝑗𝜔𝑀𝑠

1/𝑗𝜔𝑀𝑠 0
], (1) 

𝑋1 = [
𝐴𝑋1 𝐵𝑋1

𝐶𝑋1 𝐷𝑋1
] = [

1 − 𝜔2𝐿𝑇1𝐶1′ 𝑗𝜔𝐿"1(1 − 𝜔2𝐿1′𝐶1′)

𝑗𝜔𝐶1′ 1 − 𝜔2𝐿1𝐶1′
], (2) 

𝑋12 = [
0 −𝑗𝜔𝑀12

1/𝑗𝜔𝑀12 0
], (3) 

𝑋2 = [
𝐴𝑋2 𝐵𝑋2

𝐶𝑋2 𝐷𝑋2
] = [

1 − 𝜔2𝐿2𝐶2′ 𝑗𝜔𝐿"2(1 − 𝜔2𝐿2′𝐶2′)

𝑗𝜔𝐶2′ 1 − 𝜔2𝐿𝑇2𝐶2′
], (4) 

L L

L

L

C1'

LR1

C2'

R2L1 -M12 -M12

M12

LT2

ML

-ML-MS-MS

MS

RT1 LLT1 RT2L2 -ML LL2LS1

VS Z5Z1 Z2 Z3 Z4 Z6

RL2

ZL

VL
RS1

ZS

[XS] [X1] [X12] [X2] [XL]

Figure 2. Modified equivalent circuit obtained by applying T-transformation to each coupling unit.

Z1, Z2, Z3, Z4, Z5, and Z6 are the impedances looking into the load ZL at each coupling
unit. XS, X1, X12, X2, and XL denote the transmission (ABCD) matrices of each coupling
unit. They are defined as follows [19]:

Xs =

[
0 −jωMs

1/jωMs 0

]
, (1)

X1 =

[
AX1 BX1
CX1 DX1

]
=

[
1−ω2LT1C1

′ jωL′′ 1
(
1−ω2L1

′C1
′)

jωC1
′ 1−ω2L1C1

′

]
, (2)

X12 =

[
0 −jωM12

1/jωM12 0

]
, (3)

X2 =

[
AX2 BX2
CX2 DX2

]
=

[
1−ω2L2C2

′ jωL′′ 2
(
1−ω2L2

′C2
′)

jωC2
′ 1−ω2LT2C2

′

]
, (4)
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XL =

[
0 −jωML

1/jωML 0

]
, (5)

where L1
′ = L1LT1/L1”, L2

′ = L2LT2/L2”, L1” = L1 + LT1, and L2” = L2 + LT2.
The voltage at load VL is expressed using the transmission matrices (1)–(5) as follows:

VL = Vs

(
Z2

ZS + Z1

)(
Z3

−jωMS

)(
Z4

AX1(R1 + Z4) + BX1

)
×
(

Z5

−jωM12

)(
Z6

AX2(RT2 + Z6) + BX2

)(
ZL

−jωML

)
(6)

where

Z6 =
ω2M2

L
ZL + RL2 + jωLL2

, (7)

Z5 =
AX2(RT2 + Z6) + BX2

CX2(RT2 + Z6) + DX2
, (8)

Z4 =
ω2M2

12
Z5 + R2

, (9)

Z3 =
AX1(R1 + Z4) + BX1

CX1(R1 + Z4) + DX1
, (10)

Z2 =
ω2M2

S
Z3 + RT1

, (11)

Z1 = Z2 + RS1 + jωLS1 . (12)

Here, the self-inductance of the transformer’s secondary coil should be much bigger
than that of the primary coil (LT1 >> L1 and LT2 >> L2) to reduce the losses in the secondary
coil. Otherwise, the losses will be increased by the current flowing in the transformer’s
secondary coil. Therefore, it is important to note that the power transfer efficiency of
the proposed system is not degraded because of the transformers since |Z6| >> RT2 and
|Z3| >> RT1 compared with the conventional method in which the self-resonant coils are
connected to the transformer in series [18].

The resonant frequencies of each self-resonant coil are determined as follows:

fr1,2 =
1

2π
√

L1,2
′C1,2

′
. (13)

The transmission coefficient and the power transfer efficiency are given by

S21 =
2VL
VS

√
ZS
ZL

, (14)

η = |S21|2 . (15)

The reflection coefficient is given by

S11 =
Z1 − ZS
Z1 + ZS

. (16)

Equation (17) shows that the optimal input impedance matching condition is the
conjugate of the input impedance of the system Z1* = ZS and that there is no reflection loss.
The optimal input impedance-matching condition can be achieved using the Tx transformer.
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2.2. Optimal Impedance Matching

In a conventional WPT system that has two self-resonant coils, the optimal load
impedance for maximum power transfer efficiency is as follows [11]:

Zopt = R2

√
1 +

ω2M2
12

R1R2
= R2

√
1 + U2

12 , (17)

where U12 is the figure of merit for the resonant wireless power transfer system, which can
be used for the maximum achievable efficiency between the two resonant coils as explained
in [20]. The condition can also be applied to the proposed WPT system. Therefore, Z5 must
be satisfied with the Zopt of (17) for maximum power transfer efficiency.

To calculate the optimal impedance matching condition in the proposed WPT system,
it is assumed that |Z6| >> RT2 and Im(Z5) ≈ 0 (See Appendix A for validation of assump-
tion). The two assumptions are verified in Section 4. Under this assumption, Z5 in (8) is
rewritten as (18) from (9) and (12) when ω2 = 1/L2

′C2
′.

Z5 =
(1−ω2L2C2

′)(RT2+Z6)

jωC2
′(RT2+Z6)+1−ω2LT2C2

′

=
jω(L2−L2

′)(RT2+Z6)

(RT2+Z6)+jω(LT2−L2
′)
≈ jω(L2−L2

′)Z6

Z6+jω(LT2−L2
′)

.
(18)

By using the assumption Im(Z5) ≈ 0, the magnitude of Z5 is given by

|Z5| =
ω2k2

LLT2(L2 − L2
′)LL2√

ω2L2
L2
(
k2

LLT2 − LT2 + L2′
)2

+ [ZL ′(LT2 − L2′)]
2

, (19)

where ZL
′ = RL2 + ZL. kL denotes the coupling coefficient of the Rx transformer. For optimal

load impedance matching, |Z5| = Zopt in (17), which can be the second order equation of
LL2. Therefore, the optimal self-inductance of the Rx transformer’s primary coil (LL2) is
obtained by solving the second order equation of LL2 as follows:

Lopt
L2 =

Zopt(LT2 − L2
′)ZL

′/ω√(
ωk2

LL2L2′
)2 −

[
Zopt

(
k2

LLT2 − LT2 + L2′
)]2 . (20)

Therefore, the optimal number of turns of the Rx transformer’s primary coil Nopt is
determined for the optimal load impedance matching condition as follows:

Nopt
p2 =

√
Lopt

L2
A0

, (21)

where A0 is the self-inductance per turn of the Rx transformer. This is explained in detail in
the following section. If the system is symmetric, the optimal input impedance matching
condition is the same as the load impedance matching condition. That is, Np1

opt = Np2
opt.

Otherwise, the optimal input impedance matching condition can be obtained from (16).

3. Transformers Characteristic Method

Figure 3 shows the schematic illustration of a toroidal ferrite core for a transformer
that is used in the WPT system. The parameter S indicates the cross-sectional area of the
core (S = W × h), where W and h denote the width and the height, respectively. The inner
radius of the core (rin) depends on the maximum magnetic flux density of the system.
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The self-inductance per turn A0 can be derived by referring to Figure 3 and expressed
by (22) and the self-inductance with N-turn, L, is expressed by (23).

A0 =
µ0µrS
l1turn

, (22)

L = A0N2 (23)

Here, l1 turn denotes the coil length per turn and is obtained as summing 2 × (W + h)
and 4 times of wire diameter, while µ0 and µr represent the permeability in the vacuum
and the relative permeability of the ferrite core, respectively [21].

Figure 4 shows an equivalent circuit of a practical transformer [21]. The inter-winding
capacitance between the transformer’s primary and secondary coils and the self-capacitance
of the primary coil are negligible because of the very low capacitance. Ll1 (= (1 − k)LS)
and Ll2 (= (1 − k)LT) denote the leakage inductance of the primary and secondary coils,
respectively; Lp (= kLS) denotes the magnetizing inductance of the primary coil; and NS
and NT are the number of turns of the primary and secondary coils, respectively. Thus, the
self-inductances of the transformer’s primary and secondary coils are LS = Ll1 + Lp and
LT = Ll2 + Lp(NT/NS), respectively. CT is the self-capacitance of the secondary coil, and RS
and RT represent the resistance of the primary and secondary coils, respectively.

Energies 2021, 14, 8540 6 of 15 
 

 

The self-inductance per turn A0 can be derived by referring to Figure 3 and expressed 

by (22) and the self-inductance with N-turn, L, is expressed by (23). 

𝐴0 =
𝜇0𝜇𝑟𝑆

𝑙1𝑡𝑢𝑟𝑛
 , (22) 

𝐿 = 𝐴0𝑁2 . (23) 

Here, l1 turn denotes the coil length per turn and is obtained as summing 2 × (W + h) 

and 4 times of wire diameter, while µ0 and µr represent the permeability in the vacuum 

and the relative permeability of the ferrite core, respectively [21]. 

Figure 4 shows an equivalent circuit of a practical transformer [21]. The inter-wind-

ing capacitance between the transformer’s primary and secondary coils and the self-ca-

pacitance of the primary coil are negligible because of the very low capacitance. Ll1 (= (1 − 

k)LS) and Ll2 (= (1 − k)LT) denote the leakage inductance of the primary and secondary coils, 

respectively; Lp (= kLS) denotes the magnetizing inductance of the primary coil; and NS and 

NT are the number of turns of the primary and secondary coils, respectively. Thus, the self-

inductances of the transformer’s primary and secondary coils are LS = Ll1 + Lp and LT = Ll2 

+ Lp(NT/NS), respectively. CT is the self-capacitance of the secondary coil, and RS and RT 

represent the resistance of the primary and secondary coils, respectively. 

 

Figure 4. Equivalent circuit of a practical transformer. 

In the design step, A0 can roughly evaluate the transformer. However, for a more 

accurate circuit analysis of the WPT system using self-resonant coils of high Q-factor, the 

detailed electric parameters of a real transformer, such as parasitic capacitance, coupling 

coefficients, and self-inductance, are necessary. 

The self-inductances and the coupling coefficients are obtained with open and short 

circuit measurements, where the self-inductances are measured at the primary side 

(Im(ZT1)) when the secondary coil remains open (ZT2 = ∞) and short (ZT2 = 0), respectively. 

The self-inductance of the primary coil LS is easily achieved from the open circuit test as 

follows: 

𝐿𝑜𝑝𝑒𝑛 ≈ 𝐿𝑙1 + 𝐿𝑝 = 𝐿𝑠 . (24) 

The coupling coefficients of kS and kL of the Tx and Rx transformers, 𝑘𝑠 =

𝑀𝑠/√(𝐿𝑆1𝐿𝑇1) and 𝑘𝐿 = 𝑀𝐿/√(𝐿𝐿1𝐿𝑇2), can be found with the open and short circuit tests, 

respectively. The result of the short circuit test is given by: 

𝐿𝑠ℎ𝑜𝑟𝑡 ≈ 𝐿𝑙1 +
𝐿𝑝𝐿𝑙2

𝐿𝑝𝑛2 + 𝐿𝑙2
= (1 − 𝑘2)𝐿𝑠 . (25) 

Here, n = NT/NS, that is, the turn ratio of the primary and secondary coils. It is as-

sumed that ωLl2 is much bigger than RT, which is reasonable because the transformer’s 

secondary coils have high leakage inductance caused by their numerous windings (See 

Appendix A for validation of assumption). Therefore, the coupling coefficients are ob-

tained as follows: 

k

Ll 2 RT

: NT

CT

RS

NS

Ideal Transformer

Ll 1

Lp

Primary coil Secondary coil

ZT1

ZT2ZT2'

Figure 4. Equivalent circuit of a practical transformer.

In the design step, A0 can roughly evaluate the transformer. However, for a more
accurate circuit analysis of the WPT system using self-resonant coils of high Q-factor, the
detailed electric parameters of a real transformer, such as parasitic capacitance, coupling
coefficients, and self-inductance, are necessary.

The self-inductances and the coupling coefficients are obtained with open and short cir-
cuit measurements, where the self-inductances are measured at the primary side (Im(ZT1))
when the secondary coil remains open (ZT2 = ∞) and short (ZT2 = 0), respectively. The
self-inductance of the primary coil LS is easily achieved from the open circuit test as follows:

Lopen ≈ Ll1 + Lp = Ls . (24)

The coupling coefficients of kS and kL of the Tx and Rx transformers, ks = Ms/
√
(LS1LT1)

and kL = ML/
√
(LL1LT2), can be found with the open and short circuit tests, respectively.

The result of the short circuit test is given by:

Lshort ≈ Ll1 +
LpLl2

Lpn2 + Ll2
=
(

1− k2
)

Ls . (25)
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Here, n = NT/NS, that is, the turn ratio of the primary and secondary coils. It is
assumed that ωLl2 is much bigger than RT, which is reasonable because the transformer’s
secondary coils have high leakage inductance caused by their numerous windings (See
Appendix A for validation of assumption). Therefore, the coupling coefficients are obtained
as follows:

kS,L =

√
1− Lshort

Lopen
. (26)

The input impedance looking into the primary coil at the secondary coil (ZT2
′) is

measured to achieve the self-inductance (LT), self-capacitance (CT), and resistance (RT)
of the transformer’s secondary coil. Since it seems that direct measurement of CT using
an LCR meter or a vector network analyzer is difficult, more accurate values can be
extracted by measuring the self-resonant frequency (ωT) of the secondary coil. After ωT is
measured, the resistance (RT) and self-inductance (LT) can be achieved by measuring the
input impedance at the operating frequency, as shown in (27) and (28). Since the value of
(1 − ω2LTCT) is generally much greater than that of ωRTCT, (27) and (28) can be simplified
as a function of ω, ωT, and RT or LT, respectively.

Re(ZT2
′) = RT

(1−ω2LTCT)
2
+(ωRTCT)

2

≈ RT

(1−ω2LTCT)
2 = RT

[1−(ω/ωT)
2]

2 , (27)

Im(ZT2
′) =

ωLT−ωCT(R2
T+ω2L2

T)
(1−ω2LTCT)

2
+(ωRTCT)

2

≈ ωLT
1−ω2LTCT

= RT
1−(ω/ωT)

2 .
(28)

ω and ωT are known, so the resistance and the self-inductance of the transformer’s
secondary coil are achieved as (29) and (30), respectively.

RT =
[
1− (ω/ωT)

2
]2

Re
(
ZT2

′), (29)

LT =
[
1− (ω/ωT)

2
]

Im
(
ZT2

′)/ω. (30)

Next, the self-capacitance can be calculated using the ωT and LT of the secondary coil.

CT = 1/ω2
T LT . (31)

4. Experimental Results and Verification
4.1. WPT System Using Both Tx and Rx Transformers
4.1.1. Fabrication and Measurement of Parameters

Figure 5 shows a photograph of the fabricated WPT system. Two identical rectangular
and helical resonant coils (62 cm × 33 cm × 4 cm) are fabricated using 14 AWG litz wire for
the Tx and Rx resonant coils. The resonant coils have 19 turns. The toroidal cores for the
transformers consist of two semicircular Ni-Zn ferrite cores (µr = 350, SN-03BH) [22]. The
dimensions of the core are W = 1.2 cm, h = 3.7 cm, and rin = 2.7 cm. To obtain the proper
A0, the air gap of each ferrite core is tuned using insulating tape. The measured A0 of the
fabricated Tx and Rx transformers are 0.56 µH/turn2 and 0.53 µH/turn2, respectively. To
adjust the resonant frequencies of each self-resonant coil, a high-Q lumped capacitor of
1 nF is connected to both Tx and Rx resonant coils in parallel. The secondary coils of the Tx
and Rx transformers have 91 and 94 turns, respectively.

Table 1 shows the measured electric parameters of the fabricated WPT system. Each
electric parameter of the transformers is obtained by substituting the measured values from
the vector network analyzer (Agilent 4395A) and the LCR meter (GWINstek LCR8110G)
in (24)–(31). As shown in Table 1, the electric parameters of the Tx and Rx transformers
are slightly different, whereas the resonant frequencies of the Tx and Rx resonant coils are
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almost the same. The resonant frequencies are measured with the transformer connected to
the resonant coil because the resonant frequency is affected by the transformer’s secondary
coil. The Q-factors of the Tx and Rx resonant coils without the transformer are 549 and
525, respectively.
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Figure 5. Photograph of the fabricated WPT system using both Tx and Rx transformers.

Table 1. Measured parameters of the fabricated wireless power transfer (WPT) system.

Tx Rx

Transformer
RT 24 Ω 31 Ω
LT 4646.4 µH 4714.4 µH
CT 20.80 pF 16.63 pF

Resonant coil

Lumped C 1 nF 1 nF
R 1.20 Ω 1.26 Ω
L 407.7 µH 409.4 µH
fr 257.3 kHz 257.2 kHz

Q-factor (2π fr L/R) 549 525

Figure 6 shows the coupling coefficients and self-inductances of the Tx and Rx trans-
formers’ primary coils according to the number of turns. Their coupling coefficients are
approximately 0.9. In addition, the coupling coefficients of the fabricated transformers
remain almost constant even if the number of turns of the primary coils is changed. The
primary coils’ self-inductances increase from 2.5 µH to 25 µH according to the number of
turns. The self-inductance of the Tx transformer’s primary coil is slightly higher than that
of the Rx transformer because of the difference in A0.
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4.1.2. Mutual Inductance and Optimal Impedance Matching

Figure 7 shows the measured mutual inductance and the number of turns of the
transformers’ primary coils for optimal impedance matching conditions according to the
center-to-center distance (D) between two self-resonant coils. The circle-marked solid
line represents the measured mutual inductance M12 when D is varied from 40 cm to
100 cm. M12 = 20.8 µH at 40 cm, whereas M12 = 3.1 µH at 100 cm. The square-marked
dotted line denotes the calculated optimal number of turns for the Tx transformer (Np1

opt),
while the rhombus-marked dotted line denotes the optimal number of turns for the Rx
transformer (Np2

opt). ZS = ZL = 50 Ω is assumed for the calculation. For comparison with
the calculations, the measured optimal number of turns (Np

opt) is also represented by filled
triangles. The measured Np

opt is achieved by measuring the maximum S21 of the system
according to the distance.
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Figure 7. Measured mutual inductance and calculated and measured numbers of turns in the
primary coils of the Tx and Rx transformers for optimal impedance matching condition according to
the distance.

The fabricated system is symmetric, so Np1
opt = Np2

opt = Np
opt. However, Np1

opt and
Np2

opt will be different if the Tx and Rx resonant coils are different. It is observed that Np
opt

is a positive integer that decreases from 6 to 2 as the distance increases. The measured
results are in good agreement with the calculated ones. Moreover, the results show that the
optimal impedance matching condition is easily achieved by changing the number of turns
in each primary coil according to the distance between the Tx and Rx resonant coils.

Figure 8 shows the real and imaginary calculated and measured input impedance (Z1)
according to the distance, respectively. For the calculation and the measurement, the opti-
mal impedance matching condition shown in Figure 7 is used, and the resonant frequency
is 257 kHz. The black solid line represents 50 Ω in reference to the port impedance. The
square-marked and triangle-marked solid lines are the real and imaginary calculated input
impedances, while the filled squares and filled triangles are those of the measured input
impedances, respectively. The imaginary value of the input impedance is close to zero,
while the real one varies from 30 Ω to 70 Ω. Notably, the measurement coincides well with
the calculation.



Energies 2021, 14, 8540 10 of 15Energies 2021, 14, 8540 10 of 15 
 

 

 

Figure 8. Comparison between calculated and measured input impedance (Z1) of the fabricated system. 

4.1.3. Power Transfer Efficiency 

Figure 9 shows the measured and calculated power transfer efficiencies. The square-

marked dotted line and the filled square indicate the calculated and measured power 

transfer efficiencies, respectively, when the input and load impedances are simultane-

ously matched. The rhombus-marked solid line represents the theoretical maximum 

power transfer efficiency (max = U12
2/(1 + (1 + U12

2)0.5)2) in [11]. The measured parameters 

of the fabricated WPT system and (15) are used for the calculation of power transfer effi-

ciency. The triangle-marked dotted line represents the efficiency for the case in which the 

Tx and Rx impedance matching condition is fixed with the optimal impedance matching 

condition at D = 60 cm (Np1opt = N p2opt = 4). 

0

20

40

60

80

100

40 50 60 70 80 90 100

calculation

measurement

maximum efficiency

with fixed impedance matching

E
ff

ic
ie

n
cy

 (
%

)

Distance (cm)
 

Figure 9. Measured and calculated power transfer efficiencies with optimal impedance matching, 

theoretical maximum power transfer efficiency (ηmax), and measured power transfer efficiency with 

the impedance matching condition fixed at D = 60 cm (Np1opt = Np2opt = 4). 

The results show that the calculated and measured power transfer efficiencies are in 

good agreement. The measured power transfer efficiency is also consistent with the theo-

retical maximum power transfer efficiency, although the measured one at D = 90 cm is 

slightly lower (7.4%) because of the minor error of impedance mismatch at the ports. It is 

also observed that when the impedance matching condition is fixed at D = 60 cm, the 

power transfer efficiency reaches the maximum value at 60 cm and rapidly decreases ac-

cording to the distance. The results verify that the proposed WPT system can effectively 

transfer power over a medium-range between two self-resonant coils with the aid of the 

proposed adaptive impedance matching method using ferrite core transformers. 

-20

0

20

40

60

80

40 50 60 70 80 90 100

Im(Z
1
)_calculation

Im(Z
1
)_measurement

Im
p

ed
an

ce
 (


)

Distance (cm)

Re(Z
1
)_calculation Re(Z

1
)_measurement

50  reference

Figure 8. Comparison between calculated and measured input impedance (Z1) of the fabricated system.

4.1.3. Power Transfer Efficiency

Figure 9 shows the measured and calculated power transfer efficiencies. The square-
marked dotted line and the filled square indicate the calculated and measured power
transfer efficiencies, respectively, when the input and load impedances are simultaneously
matched. The rhombus-marked solid line represents the theoretical maximum power
transfer efficiency (ηmax = U12

2/(1 + (1 + U12
2)0.5)2) in [11]. The measured parameters of

the fabricated WPT system and (15) are used for the calculation of power transfer efficiency.
The triangle-marked dotted line represents the efficiency for the case in which the Tx and
Rx impedance matching condition is fixed with the optimal impedance matching condition
at D = 60 cm (Np1

opt = N p2
opt = 4).
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Figure 9. Measured and calculated power transfer efficiencies with optimal impedance matching,
theoretical maximum power transfer efficiency (ηmax), and measured power transfer efficiency with
the impedance matching condition fixed at D = 60 cm (Np1

opt = Np2
opt = 4).

The results show that the calculated and measured power transfer efficiencies are
in good agreement. The measured power transfer efficiency is also consistent with the
theoretical maximum power transfer efficiency, although the measured one at D = 90 cm
is slightly lower (7.4%) because of the minor error of impedance mismatch at the ports.
It is also observed that when the impedance matching condition is fixed at D = 60 cm,
the power transfer efficiency reaches the maximum value at 60 cm and rapidly decreases
according to the distance. The results verify that the proposed WPT system can effectively
transfer power over a medium-range between two self-resonant coils with the aid of the
proposed adaptive impedance matching method using ferrite core transformers.

Figure 10 shows a WPT experiment for a 100-watt light bulb using the proposed WPT
system. The bulb is lit using the two transformers at both Tx and Rx at a 60-cm distance.
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4.2. WPT System Using a Tx Transformer Only

In order to present the various applications of the proposed WPT system, a WPT
system with a Tx transformer for a Tx part and a load coil for an Rx part is also fabricated.

Figure 11 shows a schematic illustration of an Rx part with an Rx resonant coil and a
load coil. The load coil is a planar rectangular coil. WL is the width, HL is the length, pL is
the pitch, NL is the number of turns of the load coil, and D2L is the distance between the Rx
resonant coil and the load coil, respectively. The mutual inductance (M2L) between the Rx
resonant coil and the load coil should be calculated for optimal impedance matching using
the load coil. As in [23], the optimal design of the load coil is made to satisfy the optimal
impedance matching condition in (17).
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Table 2 shows the calculated design parameters of the rectangular load coil for optimal
load impedance matching. In the calculation, the Rx resonant coil is the same as that shown
in Figure 5. M2L

opt denotes the optimal mutual inductance between the two coils that is
required to satisfy the optimal impedance matching condition according to D. M2L

opt can be
easily obtained by varying the dimensions of the load coil. It is assumed that WL = 62 cm,
D2L = 5 mm, and pL = 2.5 mm. The Rx resonant coil and the load coil are arranged coaxially
to each other. As the distance increases from 40 cm to 100 cm, the geometric dimensions of
the load coil can be adjusted for optimal impedance matching. In this case, the number
of turns for input impedance matching is the same as that shown in Figure 7. Table 2
shows that the dimension of the load coil should be changed continuously according to
the distance.
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Table 2. Design parameters of the rectangular load coil for optimal load impedance matching in
Figure 11.

D M2L
opt HL NL

40 cm 24.1 µH 27.5 cm 2
50 cm 19.2 µH 23 cm 2
60 cm 15.1 µH 33 cm 1
70 cm 13.7 µH 30 cm 1
80 cm 11.9 µH 27 cm 1
90 cm 10.3 µH 24 cm 1

100 cm 9.2 µH 22 cm 1

Table 3 shows the optimal number of turns of the Tx transformer’s primary coil when
the load coil is fixed at WL = 62 cm, HL = 33 cm, and NL = 1. For optimal input impedance
matching, the primary turns change from 9 to 2 according to the distance, which is different
from that shown in Figure 7.

Table 3. Optimal number of turns of the Tx transformer’s primary coil when the load coil is fixed
(Case 3 in Figure 12).

D (cm) 40 50 60 70 80 90 100

Np1
opt 9 6 4 3 3 2 2
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transformers in both sides; case 2: with the combined impedance matching method; case 3: with load
impedance matching fixed in case 2).

Figure 12 shows the three measured power transfer efficiencies. In case 1, both Tx and
Rx transformers are used, as shown in Figure 5. In case 2, a Tx transformer and a load coil
are used, as shown in Figure 11. In case 3, the Tx transformer is used while the load coil is
fixed for impedance matching at D = 60 cm (WL = 62 cm, HL = 33 cm, NL = 1). Figure 12
illustrates that case 2 is highly consistent with case 1. It should be noted that because the
total inductance is changed, in cases 2 and 3, a high-Q capacitor of 932 pF is connected to
the Rx resonant coil instead of the capacitor of 1 nF shown in Table 1 in order to adjust the
resonant frequency. The result of case 3 shows that maximum power transfer efficiency
is almost obtained from 40 cm to 70 cm, whereas power transfer efficiency from 70 cm to
100 cm decreases to the maximum point of 20% compared to cases 1 and 2. However, it
should be noted that in case 3, a proper impedance matching condition fixed at the Rx part
can be well applied within a limited operating range(40 cm to 70 cm), such as in mobile
device charging, because the Rx part can be compact and built-in in these devices.
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The results underscore that the proposed system is capable of efficiently transferring
power over a medium range. Furthermore, the system can be well applied to various
applications, such as mobile devices and electric vehicles.

This work is compared with the previous works in Table 4. Normalized operation
range is the operation range normalized by the maximum length of the Tx coil in each
paper. For the case of a circular loop Tx coil, the maximum length is the diameter of the
coil, and for a rectangular coil, the maximum length is diagonal of the coil. PTE stands
for power transfer efficiency. As shown in Table 1, the proposed method can be better for
medium power wireless power transfer over mid-range distance, while for the case using
tunable capacitors, high Q capacitors such as vacuum capacitors can be used as explained
in [14].

Table 4. Comparison between previous works and this work.

Impedance Matching
Type Tuning Method Resonant

Frequency

Normalized Operation
Range over 50% and

80% PTE, Respectively

Test Power in
Demonstration

[14] L-type network in Tx
only

Switching
capacitor 13.56 MHz 0.2~0.9,

0.2~1.3 8 W

[15] L-type network in Tx
only

Tunable capacitors,
Multiple Tx coils 13.56 MHz 0.14~0.67,

0.14~1.35 50 mW

[16] Shunt network in both
Tx and Rx

Switching
capacitors,
multi-loop

13.56 MHz 0.25~0.62,
NA NA

This
work

Ferrite core transformer
at both Tx and Rx

Turn number of
the transformer 257 kHz 0.3~0.97,

0.3~1.4 100 W

5. Conclusions

An effective WPT system with practical and useful adaptive impedance matching
using ferrite core transformers is built. The equivalent circuit is provided, and power
transfer efficiency and optimal impedance matching conditions at Rx and Tx are obtained.
The detailed design procedures of the system and the ferrite core transformer are presented.
The wireless power transfer of a 100-watt light bulb at 60 cm is also demonstrated. Fur-
thermore, for various applications, two modified WPT systems are presented based on
adaptive impedance matching by using the transformer at Tx only. The measurement
results show that the system can transfer power over a mid-range, and the power transfer
efficiency is as good as the theoretical maximum power transfer efficiency. In addition, the
proposed system can support adaptive impedance matching electronically (not mechani-
cally) depending on the application. Therefore, the system can be effectively applied for
the wireless charging of moving targets, such as robots, electric vehicles, or mobile devices
over a mid-range.
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Appendix A Validation of some assumptions of |Z6| >> RT2, |Z3| >> RT1, Re(Z5) ≈ 0,
and ωLl2 >> RT.

In Section 2, three assumptions of |Z6| >> RT2, |Z3| >> RT1, and Im(Z5) ≈ 0 are used
to derive the optimal impedance matching condition. To validate the assumptions, the
measured values of the fabricated WPT system shown in Table 1 are substituted into the
equivalent circuit of Figure 2. |Z3| is 20 to 122 times bigger than RT1 and |Z6| is 15 to
100 times bigger than RT2, according to the measured parameters.

Z5 can be obtained by substituting the measured parameters and the optimal impedance
matching condition into Figure 2. Figure A1 shows the comparison of Zopt and Z5 according
to the distance. The rectangle-marked solid line represents Zopt, whereas the rectangles
and triangles indicate Re(Z5) and Im(Z5), respectively. The result shows that Im(Z5) ≈ 0
is almost zero. Furthermore, it can be noted that Re(Z5) is in good agreement with the
calculated Zopt.
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In Section 3, it is assumed that ωLl2 >> RT. Since the impedance of the leakage
inductance ωLl2 = ωLT2(1 − k) in the Rx transformer ωLl2 is at least 25 times bigger than
the RT2 shown in Table 1 and Figure 6, the assumption that ωLl2 >> RT is reasonable. The
resistances of the transformers’ primary coil are measured from 0.05 Ω to 0.2 Ω depending
on the number of turns. Hence, RS1 and RL2 in Figure 2 can be negligible compared to the
input and load impedances, respectively.
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