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Wireless power transfer (WPT) has been attracting a lot of attention in recent years for its ability to greatly improve the 
convenience of our lives. Moreover, WPT for Electric Vehicles (EVs) has become an important key to the spread of EVs. The 
efficiency of WPT using magnetic field resonant coupling can be evaluated by the kQ product, but the optimal coil design 
method to maximize the kQ product at a specific frequency has not yet been established. In this paper, taking the Test station 
GA-WPT1 and the Test station VA-WPT1/Z3 of SAE J2954, which is officially defined as the standard for WPT while the 
electric vehicle is stationary in October 2020, as examples, the coil parameters that maximize the kQ product in the case of the 
coreless are determined according to the proposed method. An efficiency of 99.13% was obtained with a transmission distance 
of 200 mm and the number of turns of N 1 = 34 and N 2 = 30. Also, since all analyses can be derived immediately except for 
the analysis of the Litz wire to be used, the optimization time could be reduced significantly compared with the electromagnetic 
field analysis. 
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1. Introduction

Research on wireless power transfer (WPT), which can charge
any device without cables, is very prominent [1]. In recent years,
many countries have banned the sale of new internal combustion
engine (ICE) vehicles, and electric vehicles, which do not emit
greenhouse gases during driving, are expected to attract more
attention. The use of stationary WPT in electric vehicles will
improve convenience and prevent electric shock accidents by
eliminating the need for charging plugs [2,3]. In addition, research
is being conducted on Dynamic Wireless Power Transfer (DWPT),
in which power is supplied from the road while the vehicle is
driving [4–8]. Several papers have discussed the limitations of
lithium-ion batteries [9,10], and DWPT is very attractive because
it can reduce the size of the on-board battery, reduce the price of
the EV, and theoretically achieve unlimited range [11]. Although
there are some concerns that the amount of power generation will
not be able to keep up with the spread of electric vehicles [12],
the future of WPT research is bright, as it is being considered to
be combined with solar power generation [13,14]. Since there are
many technical issues between power transfer while the vehicle
is parking and power supply while the vehicle is driving, quasi-
driving power supply technology is also being studied, in which
power is supplied when the vehicle is stopped at a traffic signal
[15]. As a result, WPT in electric vehicles is attracting a lot of
attention as a clue to the spread of electric vehicles [16–18]. There
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are several methods of WPT, such as magnetic field coupling,
electric field coupling, microwave, and laser, but the magnetic
field resonance method with resonant capacitors attached to the
coils on the transmission and receiving sides is adopted for WPT
in electric vehicles because it has a large air gap (This term means
transmission distance), is resistant to misalignment, and can apply
a large amount of power.

The efficiency of WPT using magnetic field resonant coupling
can be evaluated by the kQ product using the coupling coefficient
k between coils and the Q value of the coil, but the optimal coil
design method to maximize the kQ product at a specific frequency
has not yet been established.

In the previous research, electromagnetic field analysis is mainly
conducted using finite element method (FEM) [19–22], but it is
very time-consuming because the parameters of coils and Litz
wires are changed one by one and better coils are sought by
trial and error. Some methods such as particle swarm optimization
(PSO) are available, but they require a large analysis computer,
while the proposed method can be easily performed on a laptop
computer.

As a coil design, it is necessary to consider the material [23],
coating [21], and twist pitch selection of the Litz wire [24] to
be used, as well as the optimization of the entire system [25],
including the power supply, inverter, and rectifier, but this paper
focuses on the coupler section and does not consider it in order to
systematically show the coil design procedure.

In this paper, we take the Test station GA-WPT1 (580 mm ×
420 mm) shown in Fig. 1 and the Test station VA-WPT1
(420 mm × 420 mm)/Z3 (air gap 200 mm) shown in Fig. 2 as
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Fig. 1. Test station GA-WPT1
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Fig. 2. Test station VA-WPT1/Z3

examples of SAE J2954 [26], which is officially defined as the
standard for power transfer at stationary in October 2020.

Using Litz wires which the number of strands is 4000, we
propose the best coil design for more practical conditions where
coil size is required.

Section 2 presents the relational equation for the magnetic field
resonant coupling (S–S) method, Section 3 shows how to derive
the parameters used, Section 4 shows the optimization procedure
and experimental results, and Section 5 provides a conclusion.

2. Derivation of the Theoretical Equation for the
S–S Method

2.1. Derivation of efficiency of equivalent circuit
In this paper, the S–S (Series–Series) magnetic field resonance
method is used to connect the resonant capacitor in series with
the coil on both the transmission (primary) and the receiving
(secondary) sides [27]. The equivalent circuit is shown in Fig. 3.
The parameters are the internal resistance of the transmission and
receiving coils r1 and r2 , the self-inductance of the transmission
and receiving coils L1 and L2 , each resonant capacitor C 1 and
C 2 , and the load resistance RL. Since the reactance due to the
self-inductance L1 and L2 and the reactance due to the capacitance
C 1 and C 2 cancel each other out under the resonance condition,
the resonance angular frequency ω0 can be expressed as follows

ω0 = 2π f = 1√
L1C1

= 1√
L2C2

(1)

Using (1), the efficiency of the circuit η can be expressed as (2).

η = RL(ω0Lm)2

(r2 + RL)
{
r1 (r2 + RL) + (ω0Lm)2} (2)

The maximum efficiency in (2) is obtained when the optimum
load RL,ηmax , derived using the conditional equation in (3), is

Fig. 3. Equivalent circuit in magnetic field resonance coupling of
(S–S)

applied. The equations for the optimum load RL,ηmax and the
maximum efficiency ηmax are shown in (4) and (5).

∂η

∂RL
= 0 (3)

RL,ηmax = r2

√

1 + (ω0Lm)2

r1r2
(4)

ηmax = (ω0Lm)2

(√
r1r2 +

√
r1r2 + (ω0Lm)2

)2 (5)

2.2. Derivation of the kQ product The coupling coef-
ficient k , which indicates the degree of coupling of the coil, can be
expressed by (6) using the inductance L1 , L2 and mutual induc-
tance Lm of the primary and secondary coils. The Q value, which
indicates the quality of the coil, can be expressed as (7) using the
internal resistance of the coil r i (i = 1, 2) and the self-inductance
Li (i = 1, 2).

Now, using (6) and (7), the kQ product can be expressed as (8).

k = Lm√
L1L2

(6)

Q = ω0Li

ri
(7)

k2Q1Q2 = (ω0Lm)2

r1r2
(8)

The value obtained by taking the square root of (8) is sometimes
referred to as the kQ product, but in this paper, the kQ product
is expressed as an equation without square root for simplicity of
calculation. Equations (6) and (7) can be expressed as (9) and (10)
by using the coupling coefficient k and Q value.

RL,ηmax = r2

√
1 + k2Q1Q2 (9)

ηmax = k2Q1Q2
(

1 +
√

1 + k2Q1Q2

)2 (10)

P2 = RL(ω0Lm)2

{
r1 (r2 + RL) + (ω0Lm)2}2 V 2

1 (11)

From (10), the efficiency ηmax is a monotonic increase in the
kQ product. In this paper, in order to study the optimization of
WPT coils in the 85 kHz band, the transmission efficiency ηmax

is evaluated only by the mutual inductance Lm and the internal
resistances r1 and r2 of the coils from (8). The power transmitted
to the secondary side in the SS circuit can be expressed as (11).
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3. Analysis Parameters

3.1. Litz wire resistance All the power used for WPT
is AC power. In the case of DC, we only need to consider the
DC resistance of the conductor, but in the case of AC, we need
to consider the AC resistance at the same time. In this section,
we will derive the skin effect and proximity effect of copper loss,
which are the main factors of AC resistance.

The skin effect loss is a loss that occurs under high-frequency
conditions, where the current flowing in the conductor generates a
magnetic field and eddy currents are generated in the conductor,
causing the currents to cancel each other out, and the current
flowing in the conductor is biased toward the skin part of the
conductor. One of the countermeasures is to use a wire that is
sufficiently thinner than the skin depth 1/e. With this counterm-
easure, the current flowing through the conductor can be 37% (1/e)
or more of the conductor surface. [27–29]. The current flowing in
the strand attenuates exponentially. In the 85 kHz band treated in
this paper, the skin depth is about 0.225 mm, while a strand with
a diameter of 0.05 mm is used, so a sufficiently thin strand can be
used, and the advantages of Litz wire can be said to be utilized.

Next, proximity effect loss means that the magnetic field
generated by the wire itself affects the neighboring wires, creating
areas where it is difficult for the current to flow between the wires.
In order to suppress proximity effect loss as much as possible, the
twist structure and the twist pitch of Litz wire are important [30].

Litz wire, which is made up of many thin wires twisted together,
is used to suppress AC resistance, but the proximity effect occurs
because many wires are closely packed together in Litz wire. In
general, Litz wire is often used in the kHz band because it is
relatively easy to suppress copper loss, but in the MHz band, it
is often difficult to select strands thinner than the skin depth in
terms of cost and design difficulty, and single wires are often
used because proximity effect loss and self-capacitance become
dominant [31,32]. In recent years, Litz wire design in MHz band
[33] has also been carried out. Thus, when handling AC, including
WPT, it is necessary to carefully select a wire depending on the
frequency band to be used.

In the Litz Wire, the skin effect and the proximity effect
can be considered independently of each other. In addition, the
internal magnetic field H i and the external magnetic field H e ,
which are also factors of the proximity effect, are orthogonal
to each other, so the resistance components can be evaluated
separately [34].

Other losses that occur in AC include hysteresis loss and
radiation loss, but these are ignored in this paper because the coil
assumed in this paper has an empty core and the radiation loss is
almost zero.

The equations to derive the skin effect loss and proximity effect
loss are shown below [35]. The Litz wire parameters used are as
shown in Fig. 4.

Skin effect loss:

PS ,Litz = n · FR(f ) · RDC · I 2
rms [W/m] (12)

Proximity effect loss:

PP ,Litz = n · GR(f ) · RDC · (H 2
e + H 2

i

)
[W/m] (13)

n , δ, RDC , I 2
rms, F R and GR are shown below.

Number of Litz wire strands : n

He

di
da

Hi

d

(a) (b)

Fig. 4. Litz wire parameters. (a) External and internal magnetic
fields (b) Pitch

Epidermal depth : δ = 1√
πμ0σ f

DC Resistance : RDC = 4

σπd2
i

ξ = di√
2δ

I 2
rms = Î 2

2n2

FR = ξ

2
√

2
· 1

ber1(ξ)2 + bei1(ξ)2

· {−ber0(ξ)ber1(ξ) + ber0(ξ)bei1(ξ)

−bei0(ξ)ber1(ξ) − bei0(ξ)bei1(ξ)}

GR = − ξπ2di2

2
√

2
· 1

ber0(ξ)2 + bei0(ξ)2

· {ber2(ξ)ber1(ξ) + ber2(ξ)bei1(ξ)

−bei2(ξ)ber1(ξ) + bei2(ξ)bei1(ξ)}
where bern (x) and bei n (x) are nth-order Kelvin functions. F R

and GR can also be obtained by applying cylindrical coordinates in
Maxwell’s equations [35]. This equation is for a round conductor,
so if the shape is different, it is necessary to derive a new equation.

The external magnetic field H e is mainly determined by the
winding pitch d of the coil. Assuming that the adjacent wires are
of infinite length and the current Î 2 flows uniformly, it can be
expressed by (14).

H 2
e = Î 2

(2πd)2
(14)

For the internal magnetic field H i , a numerical calculation method
called the PEEC method (Partial Element Equivalent Circuit:
PEEC) is used. The PEEC method is based on the integral
equation of Maxwell’s equations, where the conductive volume
is subdivided into filaments along its length and cross-section,
and the self-inductance and mutual inductance interact with each
other, and each mesh is regarded as Kirchhoff’s voltage law. Thus,
the electromagnetic problem is reduced to the equivalent circuit
problem [36]. As a result, the internal magnetic field H i can be
accurately represented by numerical calculation.
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Fig. 5. Parameters of the Neumann equation

Finally, by dividing (12) and (13) by Î 2, the AC resistance of
the Litz wire, r [	], can be expressed by (15) using the Litz wire
length, l [m], by combining the theoretical equation with numerical
calculations.

r =
(
PS ,Litz + PP ,Litz

)

Î 2
· l [	] (15)

3.2. Mutual inductance If there are coils on the trans-
mission (primary side) and receiving (secondary side) sides, mutual
inductance Lm is generated between the coils, which can be derived
by Neumann’s equation (16) using the parameters in Fig. 5. Neu-
mann equation is an absolute equation that does not depend on the
frequency derived from the theory. However, at high frequencies
where self-resonance occurs, the frequency dependence is clear
from electromagnetic field analysis and experiments [37]

Lm = μ0

4π

∮

C 1

∮

C 2

dl1dl2
D

(16)

due to mutual capacitance between the two coils and the increase
in resistance caused by the proximity effect, so care must be taken.

4. Optimization Procedure and Experiments

4.1. Optimization procedure The optimization proce-
dure proposed in this paper is described in turn. A flowchart of
the procedure is shown in Fig. 6.

4.1.1. Determination of the assumed WPT environment
Determine the actual size of the coil to be designed. At the

same time, determine the transmission distance and the applicable
frequency band. As will be discussed later, due to the increase in
the error of the PEEC method and the Neumann equation at high
frequencies, the applicable frequency range of this method should
be less than 200 kHz [35,36].

4.1.2. Determine the Litz wire to be used The strand
diameter, the number of strands, and the twisting structure are
determined in consideration of the applicable frequency band, the
required allowable current, and the coil case. In order to reduce
the skin resistance, the finer the strand diameter, the better, but
if the number of strands increases, the DC resistance component
and cost will increase, so it is necessary to select an appropriate
one [30,31]. Regarding the twisting structure, it is necessary to
be cautious in order to suppress the occurrence of skin effect and
proximity effect not only at the strand level but also at the bundle
level.

The effect of each on the Litz wire is shown in Fig. 7.

The number of strands that can be wound on the outermost
bundle is shown in (17) using the skin depth δ and the strand
diameter di .

n1,max = 4δ2

d2
i

(17)

From this formula, at 85 kHz, e.g., the maximum number of
strands is 20 when the strand diameter di is 0.1 mm, and 80 strands
when di is 0.05 mm.

For the subsequent strands, it is important that all strands are
twisted evenly with no gaps, so in the case of circular Litz wire,
five strands or less is recommended [29]. As for the twisting pitch
of each bundle, a longer pitch increases the proximity resistance at
the strand level, while a shorter pitch increases the DC resistance
and the proximity resistance at the strand level [24,36]. There are
several references on the determination of the optimal twisting
pitch, but it depends largely on the manufacturer.

4.1.3. Determining the pitch between wires The pitch
is provided to suppress the proximity effect between wires and to
increase the transmission power, but there is a trade-off: the wider
the pitch, the smaller the inductance. In the case of kHz bands such
as 85 kHz, the effect of the proximity effect is generally small, so
the pitch is gradually increased from 0 mm.

4.1.4. Line length expressed as number of turns Once
the pitch d and the outline da of the Litz wire used are determined,
the line length l can be expressed as a function of the number of
turns N . In the case of this rectangular spiral coil, the winding is
assumed to be perpendicular for simplicity, and can be expressed
as (18) using the number of turns N , coil size X , Y , Litz wire
outline da , and wire-to-wire gap α (= d−da ).

l = {2X + 2Y + 4α − 4(da + α) · N } · N − α (18)

The parameters of the assumed rectangular coil are shown in Fig. 8.

4.1.5. Correspondence between mutual inductance
and number of turns Find N 1max and N 2max , which are the
number of turns to wind the primary and secondary coils to the
center, respectively, and obtain Lm,N1N2 (N 1 : 1 ∼ N 1max , N 2 :

1 ∼ N 2max ).

4.1.6. Internal resistance of Litz wire expressed as num-
ber of turns Since the line length l and the number of
turns N have been functionalized in the optimization procedure
(Section 4.1.4), (15) can be expressed in terms of the number of
turns N .

4.1.7. Express the kQ product as a number of turns In
the proposed method, the kQ product is obtained indirectly by the
mutual inductance Lm and the coil internal resistance r , as shown
in (8). Since the mutual inductance Lm and internal resistance r
can be expressed in terms of N 1 and N 2 , the kQ product, or
maximum efficiency ηmax , can both be expressed in terms of the
number of turns N 1 and N 2 as shown below.

mutual inductance : Lm (N1, N2)

internal resistance : r1 (N1) , r2 (N2)

kQ product : k2Q1Q2 (N1, N2)

Maximum efficiency : ηmax (N1, N2)

4
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(1)Determination of the assumed WPT environment

(2)Determination of the Litz Wire

(3)Determination of the pitch d (first d=0)

(4)Line length as a function of number of coilturns

(5)Mutual inductance as a function of number of turns

(6)Internal resistance as a function of number of turns

(7)Derivation of the kQproduct

k2Q1Q2 > k2Q1Q2max

k2Q1Q2 > k2Q1Q2max

k2Q1Q2max > k2Q1Q2MAXk2Q1Q2max = k2Q1Q2MAX

save d,N1,N2

N1=1

d=d+1

YES

YES

YES

YES

NO

NO

NO

NO

N2=1

N1>N1max

N2=N2+1

N1=N1+1

Determination of coil parameters d,N1 and N2 that maximize efficiency

N2>N2max

Fig. 6. Optimization procedure

He Hi 

Internal External

He 

Strand level Bundle level

Skin 

Effect 

Proximity 

Effect 

Fig. 7. Behavior of bundle-level and strand-level Litz wires

da

α
X

Y

Fig. 8. Coil parameters. (da: Litz-wire diameter, α: Distance
between wire-to-wire (=d−da), d : Pitch (Fig. 4))
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Fig. 9. Measurement scene

4.1.8. Determining the optimal number of turns Since
the efficiency is a monotonic increase of the kQ product from
Fig. 3, we search for the combination of the number of turns
N 1 on the transmission side and the number of turns N 2 on
the receiving side that maximizes the kQ product obtained in
the optimization procedure (Section 4.1.7). For example, if the
N 1max and N 2max of the primary and secondary sides are both 40
turns, a total of 1600 different kQ products are obtained, and the
combination of turns N 1 and N 2 with the maximum kQ product is
determined.

4.2. Experiments Following the proposed optimization
procedure, we compare the analytical values with the measured
values. In the measurement, we produced a coil with no gap
between the Litz wires (α = 0), which had the best transmission
efficiency in the pitch selection described below. Figure 9 shows
the measurement scene, Fig. 10 and Fig. 11 show the images of
the created coil. An impedance analyzer (KEYSIGHT: E4990A)
was used for the measurements.

4.2.1. Determination of the assumed WPT environment
In this paper, the coils of Test station WPT1/Z3 shown in

SAEJ2954 are used, and the transmission distance is set to 200 mm.
Note that the transmission distance is strictly defined as the height
from the ground to the receiving coil of the vehicle, but in this
paper, it is the distance between the primary and secondary coils.
The frequency was set to 85 kHz.

4.2.2. Determine the Litz wire to be used Assuming the
specification of Litz wire with a strand diameter of 0.05 mm
(AWG44), the resistance values were obtained simply for each
number of strands using the proposed internal resistance analysis
method. The strand diameter was chosen based on the trade-off
between the strand diameter being sufficiently smaller than the
skin depth δ and the design cost [31].

Figure 12 shows the relationship between the power to the
optimum load RL, ηmax , and the maximum efficiency ηmax when
the optimization is performed using Litz wires of various strand
numbers. α = 0 mm is used to find the coil with the highest
efficiency within the specified coil size using each Litz wire, and
the output power at this time. The line with 99% efficiency and
the line with 3.7 kW output power are shown at the same time.
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Fig. 12. Comparison of output power and efficiency against the
number of strands

(a) (b) (c) (d) (e)

Fig. 10. Created transmission coil. (a) N 1 = 40. (b) N 1 = 34. (c) N 1 = 30. (d) N 1 = 20. (e) N 1 = 4

(a) (b) (c) (d) (e)

Fig. 11. Created receiving coil. (a) N 2 = 40 (b) N 2 = 35. (c) N 2 = 30. (d) N 2 = 20. (e) N 2 = 3
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Table I. Parameters of the Litz wire used in the analysis

Number of
strands

Twisting
structure

Twisting
pitch (mm)

Litz wire outer
diameter (mm)

5000 40/5/5/5 50, 55, 70, 90 5.50
4000 32/5/5/5 50, 55, 70, 90 5.00
3000 24/5/5/5 50, 55, 70, 90 4.50
2000 80/5/5 50, 70, 90 4.00
1500 60/5/5 50, 70, 90 3.50
1000 50/5/4 50,70, 90 3.25
500 20/5/5 50, 70,90 3.00

The input voltage is 420 V AC in each case. However, since the
Litz wire parameters used in the analysis need to be adjusted
accordingly, the parameter values used are summarized in Table I.
Increasing the number of strands lowers the resistance value and
supports high power transmission by increasing the allowable
current, but it leads to higher cost per length, so it is necessary to
select the number of strands that suits the power to be transmitted
and the current value that flows.

At around 4000 strands, the output power exceeded 3.7 kW, the
efficiency exceeded 99%, and finally, the Litz wire used in the
Test station shown in SAE J2954 has da = 5 mm, we concluded
that 4000 strands of Litz wire was sufficient.

As for the stranding structure, we chose 32/5/5/5 according
to (17).

4.2.3. Determining the pitch between lines The distance
between the wires α is set to 0, 1, and 5 mm, respectively, and the
following procedure is followed. To confirm the effect of pitch,
the simulated values of kQ product and efficiency are shown in
Fig. 13 and Fig. 14. It can be seen that the highest kQ product
and the highest efficiency can be achieved when α = 0 mm. The
larger α is, the shorter the wire length used, and thus the smaller
the internal resistance. On the other hand, even if the number of
turns is the same, the magnetic flux crossing the loop is reduced,
which leads to a decrease in inductance and coupling coefficient.

Since the later effect is larger than the former, the kQ product is
considered to have decreased when α is increased. As the purpose
of this paper is to maximize efficiency, it was set at α = 0 mm.

4.2.4. Line length expressed as number of turns The
parameters determined in Section 4.2.1–4.2.3 were substituted
into (18).

4.2.5. Derivation of mutual inductance The mutual
inductance was derived according to the Neumann equation for
each number of turns of the primary and secondary side. Figure 15
shows the mutual inductance values for each turns on the transmis-
sion side when N 2 = 30. The analytical values and the measured
values are in excellent agreement.

4.2.6. Derivation of internal resistance The resistance
per unit length of Litz wire was determined by theoretical equation
and numerical analysis. The coil resistance analyzed in Fig. 16 and
Fig. 17 was compared with the measured value. As the number
of turns increases, the error becomes larger, but this may be due
to distortion of the actual winding, twisting misalignment, or for
simplification, only the proximity effect of the Litz wire was
considered, and parasitic capacitance was ignored. As explained
in detail in the Appendix A, the increase in inductance causes
the internal resistance of the coil to rise above the design value
assuming that the coil has a parasitic capacitance.

In fact, the power receiving coil 40 turns and the 20 turns of
the transmission coil have almost the same inductance. The slight
distortion of the generated magnetic field due to the difference
between the long and short sides of the rectangular coil may also
have an effect.

Figure 18 shows the frequency characteristics when the receiv-
ing coil N 2 = 30. The reason why the error becomes larger as the
frequency increases is thought to be because the PEEC method
has an exponential error as the frequency increases, and the coil
approaches its self-resonant frequency as the frequency increases
when the effect of the parasitic capacitance of the coil is taken
into account. We believe that this coil design method can be accu-
rately proposed for frequencies below 200 kHz. It is said that it is

(a) (b) (c)
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Fig. 15. Comparison between analyzed and measured values of
mutual inductance Lm (N 2 = 30)

difficult to predict the AC resistance of a coil, but the results in
Fig. 16 and Fig. 17 capture the characteristics very well.

4.2.7. Express the kQ product as a number of turns
Using the obtained mutual inductance Lm (N 1 ,N 2 ), internal

resistance r i (i = 1,2) and Equation (8), k2 Q1 Q2 was obtained.

4.2.8. Determining the optimal number of turns In
this paper, we calculated the kQ product for 1600 different
combinations of 40 turns on the transmission side and 40 turns
on the receiving side, and determined the combination of turns
with the peak kQ product. Since it is difficult to visualize the
evaluation in Fig. 13, Fig. 19, and Fig. 20 show the kQ product
and the efficiency ηmax , respectively, with the number of turns on
the transmission side fixed at N 1 = 34. In both cases, N 1 = 34
and N 2 = 30 was obtained as the optimum number of turns, which
is consistent with the analysis. The efficiency is ηmax = 99.21% in
simulation and 99.13% in measurement. The highest efficiency was
achieved although there was little difference in efficiency between
the different numbers of turns. kQ product shows a slight error
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Fig. 16. Resistance of transmission coil
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Fig. 17. Resistance of the receiving coil

when the number of turns is large, which is considered to be due
to the error of the internal resistance of the coil. The error in
Fig. 16 was about 20%, but the efficiency error was less than
0.1% compared with the measured value. This made it possible
to design the optimum high-efficiency coil at a specific frequency
and within a specific coil size.
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Fig. 19. kQ product at each number of turns at 34 turns on the
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at 34 turns on the transmission side. (The shaded area is the area
where the allowable current of the Litz wire to be used is exceeded)

In WPT, it is important to obtain the desired power as well as
the efficiency.

Figure 20 shows the relationship between the power and the
number of turns. The trade-off between efficiency and power is
shown in Fig. 21 shows the change in the current value with the
change in the number of turns of the power receiving coil. Since
the allowable current of the Litz wire used in this project is 38A,
the area in where the allowable current of the Litz wire is reached
when the input voltage is 600 V is shown with a shaded line. Since
the purpose of this paper was to maximize efficiency, the distance
α between the wires was set to 0 mm, but in order to obtain more
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Fig. 21. Relationship between the number of turns on the receiving
side and current values I1 and I2 at a point with the number of

turns 34 on the transmission side

power, it is important to reduce the number of turns in the SS
circuit, increase the distance α between the wires, and reduce the
inductance.

5. Conclusion

In this paper, using theoretical equations and numerical analysis,
we show how to derive the kQ product indirectly by the internal
resistance and mutual inductance of the coil, and how to obtain
the transmission efficiency ηmax by the kQ product. This makes it
possible to design the optimum coil under the required coil size
and other circumstances. As a result, an efficiency of 99.13% was
obtained at a transmission distance of 200 mm when N 1 = 34 and
N 2 = 30. Although this is a coil-to-coil efficiency, we believe
it is very high for a coreless coil. The analysis of Litz wire
with a large number of strands took about 24 h using a large
computer for analysis, but once the resistance value per unit
length of Litz wire to be used is determined, the analysis can
be done in about 1 s per one coil combination using a laptop
computer. This means that the design of WPT coils, regardless
of whether they are for EVs or not, has become even more
familiar. In addition, since electromagnetic field analysis is not
performed, we were able to achieve highly accurate optimization
while reducing time, labor, and cost. There was some error in the
kQ product, but the effect was negligible in terms of efficiency,
and we were able to propose a highly efficient coil design method.
At the same time, it was found that it is possible to design a
coil that achieves the desired power. In this paper, the spacing α

between the Litz wires was set to 0 mm, which is the environment
where errors are most likely to occur. If the pitch is increased,
it is thought that errors can be further reduced. Although the
applicable frequency range is limited to a few hundred kHz or
less, this makes it possible to propose the optimal coil within the
required coil environment, and it is found to be useful for the
infrastructure of EVs, which are expected to spread in the future.
Prospects include optimization of ferrite installation, optimization
of not only the coupler part but also the entire system, measures
against magnetic field leakage, and evaluating the compatibility of
various coils.

Acknowledgment

This work was supported by JSPS KAKENHI Grant number 18H03768.

9



Y. YAMADA, AND T. IMURA

Appendix A

Consideration of the factors that caused the resistance
error and the fact that this design method is limited
to designs below 200 kHz

The cause of the error from the analysis value when the number
of turns is increased, which occurred in Fig. 16, and the cause of
the gradual increase in error at high frequencies above 200 kHz,
which occurred in Fig. 18, are shown.

The ideal inductance is one in which the internal resistance can
be neglected as shown in (a), but in AC, the internal resistance
tends to be large. Therefore, in this research, the coil design has
been carried out considering the internal resistance as shown in
(b). In fact, however, it is necessary to consider the capacitance,
which is a parasitic capacitance, along with the inductance and
impedance as shown in (c) [37–39]. The impedance between
terminals in Fig. A1 can be expressed as (A1). An approximation
can be expressed by considering the units of the elements used for
general WPT.

Z = R − j
{
R2ωC + ω2LC

(
ωL − 1

ωC

)}

(
ω4L2 + ω2R2

)
C 2 − 2ω2LC + 1

≈ R − j
{
R2ωC + ω2LC

(
ωL − 1

ωC

)}

−2ω2LC + 1
(A1)

Looking at the error generation in Fig. 16 and Fig. 17, it can
be seen that the error becomes larger as the number of turns
increases. The magnitude of the error in Fig. 16 is larger than
that in Fig. 17. This can be explained by (A1), which shows that
the larger the inductance, the higher the resistance value tends to
be. From Fig. 16 and Fig. 17, it can be seen that the error of the
coil with N1 = 20 is close to that of the coil with N2 = 40. The
inductance of the receiving coil when N2 = 40 is 296 μH in actual
measurement, while the inductance when N1 = 40 is 452 μH.
On the other hand, the inductance of the coil when N1 = 20 is
262 μH. The inductance is very close, and the error between the
two is close, so the validity of the consideration can be said.

(a)       (b)       (c) 

Fig. A1. Equivalent circuit of the coil used

Next, in Fig. 18, the error spreads gradually as the frequency
increases. It can be seen from (A1) that the denominator becomes
smaller as the frequency increases, leading to an increase in the
resistance value.

The parasitic capacitance is mainly divided into the one gener-
ated between the windings of the Litz wire and the one generated
between the Litz wire and the ground or core. The coil made in this
study has a distance α of 0 mm between the Litz wires; widening
α can significantly reduce the parasitic capacitance [38]. When the
distance between the wires is increased, the inductance is lowered
even with the same number of turns, and the parasitic capacitance
is reduced, so it is thought that a more accurate design is possible.

An accurate model for estimating the parasitic capacitance has
not yet been established except by electromagnetic field analysis,
and this paper is therefore limited to design methods in the
frequency band well below the self-resonant frequency of coils
below 200 kHz.
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