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Wireless power transfer to electric vehicles while driving is a technology that is currently attracting attention as it has the potential
to solve the problems faced by EVs that will become popular worldwide in the future. In the case of Dynamic Wireless Power
Transfer (DWPT) to electric vehicles, it is necessary to transmit the required power with high efficiency and ensure safety. While
there are multiple safety requirements, there are also regulatory values for the magnetic field strength emitted from the coil, which
must be satisfied before it can be implemented in society. This research aims to speed up the design of coils by using only numerical
analysis, in contrast to conventional coil design using electromagnetic field analysis. In the future construction of wireless power
transfer systems, it is of great significance to discuss the design using only numerical analysis, as there are many design parameters.
Experiments were carried out and compared with the numerical analysis and found to be in agreement. A power transmission of 20
kW converted value was carried out to verify the effect of the size, pitch and number of turns of the transmission coils on the
efficiency and magnetic field strength. The effect of input voltage was also discussed by simulation, and the optimum coil was
derived. As a result, when the coil size was 800 x 600 mm, the number of turns was 46, the pitch was 6.1 mm and the input voltage
was 1400 V, the analysis showed that a power transmission of 20 kW with an efficiency of 99.3% and a far magnetic field leakage
strength of 81.6 dBpA/m could be achieved. Even with a coreless coil, the magnetic field strength could be below the regulation

value.
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1. Introduction

Wireless power transfer using magnetic field resonance can
transmit power at high efficiency and high power, and is widely
used in various devices from the point of view of its convenience.
Due to the global decarbonization trend, vehicles are beginning to
shift from conventional Internal Combustion Engine Vehicles
(ICEV) to battery-powered and motor-driven electric vehicles. The
challenges facing Battery powered Electric Vehicles (BEVs) today
include the need for high weight batteries to ensure cruising range,
the associated increase in vehicle price, and the lower cost of
electricity due to the increased vehicle weight, the lack of power
transmission facilities and the time required for power charging,
accidents involving cables during power supply, and cruising range
reduction due to heating and cooling and battery depletion in cold
climates [1] [2] [3] [4]. In addition, as BEVs continue to expand in
the future, issues such as harmful substances generated during
battery production, disposal problems of degraded batteries, and
further rising costs and shortages of rare metals used during
production and insufficient power generation capacity [5] [6] [7]
can be considered. Dynamic Wireless Power Transfer (DWPT) is a
system in which power is supplied wirelessly while driving by
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installing a power transmission coil on the infrastructure side and a
power receiving coil on the vehicle side. As the power is supplied
while the vehicle is running, the system enables an extended
cruising range with a small battery capacity, and is also expected to
extend battery life due to the repetition of small charge and
discharge cycles [8] [9]. The global share of electric vehicles is
currently 12% and is expected to increase in the future due to the
global trend towards banning the launch of new internal combustion
engine vehicle [10]. Therefore, dynamic wireless power transfer to
electric vehicles has been actively researched in recent years as a
way to solve the current challenges faced by battery EVs and the
new challenges that will arise when the share of battery EVs
expands [11] [12]. Among these, research on coil optimization has
become a very important topic as it directly influences the DWPT
system, and in much of the literature, optimization using
electromagnetic field analysis is the dominant method.
Electromagnetic field analysis is already well established and can
simulate complex peripheral environments, but it has issues such as
the need for a large analysis PC (Personal Computer) and the
analysis time required [13]. Considering the design of the entire
wireless power transfer system as well as the coils, the number of
design parameters is very large and the verification patterns are
enormous, requiring faster analysis such as numerical analysis. In
addition, it is significant that the design is carried out only by
numerical analysis, which leads to a theoretical explanation of each
parameter [14] .
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In [15], the economic viability of social implementation of
DWPT is examined, and a return on investment is possible for
society as a whole. It has also been shown that it is more economical
to invest more in the power supply equipment, i.e. to increase the
power transmission capacity [9] [16] , and higher power is also a
major challenge in wireless power transfer. In order to implement
dynamic wireless power transfer to electric vehicles in society, it is
necessary to ensure the required power transfer characteristics at
low cost and with a guarantee of safety. One of the most frequently
discussed safety issues is magnetic field leakage [17] and from the
viewpoint of damage from human exposure to time varying
electromagnetic fields (EMFs), the ICNIRP (International
Commission on Non-Ionizing Radiation Protection) has set a limit
of 27 uT [18] [19] for the magnetic field strength at a point 20 cm
from the vehicle body. In addition, for the purpose of preventing
clectromagnetic  interference  with  precision  equipment
(Electromagnetic Compatibility: EMC), a regulation value of 67.8
dBpA/m for magnetic field strength in an area more than 10 m away
from the vehicle body has been established [18] [20]. However, in
the frequency range planned for use in wireless power transfer to
electric vehicles, a further relaxed regulation value, 82.8 dBuA/m,
has been set [18]. The 82.8 dBpA/m is adopted in this study because
the first introduction of dynamic wireless power transfer is
envisaged for environments such as highways where people are not
allowed to enter the surrounding area.

Although some studies have introduced cancellation coils or
complex shielding materials to suppress magnetic fields leakage
[21] [22] [23], nothing is as simple and inexpensive as suppressing
magnetic fields leakage generated by a coil. [24] studied only far-
magnetic field strength in a simulation. While static wireless power
transfer to electric vehicles has been standardized in SAE J2954 for
2020 [18], dynamic wireless power transfer has not yet been
defined, and this research is important from the point of view that
it is essential to construct an optimal system at an early stage.

In this study, a coil with high power transmission efficiency and
the lowest magnetic field leakage under 20 kW power transmission
is considered. Both far and near magnetic field leakage were
considered experimentally and compared with theory. The design
parameters used were the size of the transmission coil, the number
of turns of the transmission coil, the pitch of the transmission coil,
and the input voltage and confirmed that some coils were below the
regulated value of the magnetic field strength.

The circuit characteristics of the S-S circuit and the derivation of
the internal resistance R; (i = 1,2) and mutual inductance L,, of
the coils are presented in Chapter 2, the derivation of the magnetic
field strength at an arbitrary point P using vector potentials is
explained in Chapter 3 and the results of numerical analysis are
compared with experimental results in Chapter 4. The influence of
each design parameter on the magnetic field strength is discussed
in Chapter 5, and conclusions are presented in Chapter 6. The
accuracy of the derivation of the neighborhood electromagnetic
field is presented in the Appendix.

2. Coil Design Method for SS Circuit

This section presents the circuit equations for wireless power
transfer using the SS (Series-Series) method, which is the simplest
method for wireless power transfer to electric vehicles, in which an
inductor and a capacitor are connected in series and both the
primary and secondary sides are resonant, and explains how the
internal resistance R; of the coil, the derivation of the self-

inductance L;, and the derivation of the mutual inductance L.,
[24] [25] [26].

2.1 Derivation of circuit characteristics of SS circuits

Consider the SS circuit and equivalent circuit as shown in Fig 1.
A full-wave rectifier is sandwiched between the loads.

The input voltage is represented by V;, the resonant capacitor by
C; (i = 1,2), the inductance by L; (i = 1,2), the mutual inductance
by L,,, the internal resistance by R; (i = 1,2) and the load by
R,'. The load from the AC side is R;. (1) shows the resonance
conditions of the circuit.

1 1
JL.C,  JL.C, M

From the circuit equations, the currents I; and I, can be
expressed as (2) and (3), showing that the phase differs by n/2
between the primary and secondary sides [26].

Ri(R; + Ry) + (woLy)?

, Wolm
I, = V; 3
2=J Ry(Rz + Ry) + (woLy)? ®)

The power P, consumed by the resistance load R; and the
power transmission efficiency 7 can be expressed by (4) and (5),
respectively. Power P, represents the AC power received.

Wy = 2xf =

L

RL (wOLm)Z

P2 = {R1(R; + Ry) + (woLy)?}?

Vi 4

_ Ry (woLn)?
"~ (Ry+ R{R(Ry + Ry) + (woLn)?}

n (5)

When a rectifier is sandwiched, the relationship between the load
R, from the AC side and the load R, from the DC side can be
expressed by (6) [25].

R, =—R, (6)

8
2.2 Derivation of the internal resistance R of the coil

Wireless power transfer to EVs uses AC power in the 85 kHz
band, and to reduce AC resistance, a Litz wire with a bunch of thin
strands is used. AC power losses include copper loss, iron loss, and
radiation loss, but this study focuses on copper loss and derives the
coil resistance because the study is conducted using a core-less coil
and the coil is small compared to the wavelength. The copper loss
of Litz wire can be mainly divided into skin effect loss and
proximity effect loss, which can be considered independently. The
skin effect loss Ps;;r, [W/m], and proximity effect loss Pp i,
[W/m] are shown in (7) and (8), respectively.

The number of strands of Litz wire is 7, the strand diameter is d;,
and the parameters necessary for resistance calculation, such as skin
depth o, DC resistance Rp¢, and RMS current per strand [,.y,5, are
summarized in Table 1. (8) consists of the external magnetic field
H, and the internal magnetic field H; of the Litz wire, where H,
can be expressed by (11) and H; is derived by the PEEC method
[27]. Pitch p, the distance between Litz wires, is shown in Fig 2.

Fig 1 Equivalent circuit in magnetic field resonance coupling
of (S-S).
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Fig2 Pitch (Distance between wire to wire)

Table 1 Parameters required for resistance calculation.
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H, = 2 an
From the above, the resistance per unit length of Litz wire is
obtained, and this is the internal resistance R; (i=1,2) of the coil.
2.3 Derivation of the self-inductance L of the coil
From (1)-(5), it can be seen that the derivation of the circuit the
coils and the mutual inductance L,,. However, for actual power
transmission, it is also essential to derive the self-inductance and the
associated resonant capacitor. (12) is the formula for the derivation
of the self-inductance of a square spiral coil [28], where d,, is the
diameter of the Litz wire conductor and « is the length of the gap
between the Litz wires, expressed as a = p — d,. The parameters
used to derive the self-inductance are shown in Fig 3.

2.07
L = 0.635ud z,s N2 {1n <T) +0.18p + 0.13p2} (12)

1
dave = Z Xin + Xoue + Yin + Yout) (13)
p= l(Xout B Xin yout B Yl ) (14)
2 Xout + Xin yout + Yin

2.4 Derivation of the mutual inductance L,, of the coil
During wireless power transfer, coupling occurs between the
transmitting and receiving coils, the proportion of which is

Xour

o
il
d

Your

Fig3 Coil parameters used to derive self-inductance.
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Fig4  Parameters of the Neumann equation

expressed by the coupling coefficient k. Together with the coupling
coefficient and the self-inductance, the mutual inductance can be
obtained, which is a very important parameter in circuit calculations.
The equation that can directly express the mutual inductance is
called the Neumann equation and can be expressed as (15). The
parameters used in (15) are shown in Fig 4.

Ln=224 dhadl; (15)
Aoy Jez D
3. Derivation of magnetic field strength using vector
potentials

In wireless power transfer using magnetic field resonance, a
magnetic field is generated from the coil. During power
transmission, the magnetic field spreads around the coil and has a
negative impact on surrounding humans and precision equipment,
for which regulation values have been established in SAE J2954,
CISPR, and ICNIRP. In this chapter, the magnetic field strength was
derived by vector potential using the current value flowing in the
coil [29]. Compared to the derivation of magnetic field strength
using Biot-Savart, the use of approximations makes it possible to
derive the magnetic field strength with a concise function of the
number of turns, which makes it easier to design coils.

The vector potential at a distance r generated by the current /
flowing in the microline As is expressed by (16).

AA = tol As (16)
4nr

Considering a rectangular current loop as in Fig 5, the vector
potential A at point P(x,y,z) has only A, and A, components, as
in (17) and (18), respectively.

o o <l _ l) (17)
T 4n \n, n
. Hobl <l _ l) (18)
Y4\ 1y
T f
vy
2%

Fig 5 Parameters used for magnetic field calculation from
vector potential.
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Assuming a, b < r, the vector potential can be expressed as (19).

However, r = \/x2 + y2 + z?2 thereafter.

Upabl y  poabl x
A@) ~ (_ 4m T3’ 4m 13 'O> 9

Calculate the magnetic field using the vector potential at point P.
From B =rotA , B = uyH the magnetic field at point P is
obtained as (20)-(22).

abl 3xz
x = (20)
abl 3yz
i @D
abl 2z% — x% — y?
D (2)

Assuming a coil with n turns as n loops as shown in Fig 6, ab in
the above equation represents the sum of the area of each loop.
Therefore, it can be expressed as in (23).

ab = agb (23)
kzzl kDK

ar=a, —2p(n—1) (24)

by = by —2p(n—1) (25)

Next, the magnetic field H, at point P is obtained for the case
where there are two coils, one primary and one secondary, as shown
in Fig 7. H,, is calculated by finding and combining the magnetic

field Hr, due to the primary coil and the magnetic field Hg, due
to the secondary coil, respectively.

When the phase difference 9 between the primary and secondary
currents is considered, the magnetic fields generated by the primary
and secondary coils can be expressed as (26) and (27). However,

bl \:uf

r a,

Fig 6 Coil shape used for magnetic field calculation.

Z

Fig 7 Parameters used for magnetic field calculation from
vector potential with both primary and secondary coil.

Yh=1 Qrby, Xieqcrdy arethe sum of the loop areas of the primary
and secondary coils, respectively, approximating ay, by < 7y,
Ck, dk < TRy-

Sh=1 axby 3xz .
—————I;sinwt
( Am 1S
r=1axby 3yz
Hp, = | L(_l kk ys -1 sinwt | (26)
4T Ty
kzzl aby 2z% — x? — y? I sin ot
™ — L, sinw
Ty Crdy 3x(z —
/ Lis1 63X 9) ot + 6) \
4r TRy
Y1 Cdi 3y(2 — g) . 27
Hg, = ‘ TT-Izsm(wt+0) (27)
mcdi 2(z— g)t —x?—y?
\Zk‘l ki 2(z = 9) = 4 - I, sin(wt + 8)
4T Trx
|Hp| = IHTx+HRx| (28)

From (26)-(27), the magnetic field at any point could be derived.
Note that if the measurement point is close to the coil loop, the error
may be larger. Derivation accuracy is discussed in the Appendix.

4. Comparison of theory and experimental
validation.

In this section, a comparison of the contents of Chapters 2 and 3
with actual measurements is made. 4.1 compares the characteristics
of the coils actually produced, and 4.2 compares the generated
magnetic field and other circuit characteristics during the actual
power transmission experiment. The purpose of this chapter is to
ensure that the theory agrees with the measurements.

4.1 Comparison of the accuracy of deriving the internal
resistance and self-inductance of a coil

Several types of coils were produced, including coils with a
uniform number of turns and pitch but different coil sizes, coils with
auniform coil size and the number of turns but a different pitch, and
coils with a uniform coil size and pitch but a different number of
turns. The internal resistance and self-inductance of the coil were
compared with measured values using the theory presented in
Chapter 2. Fig 8 shows the produced power transmission coil. The
Litz wire used has a strand diameter of 0.05 mm and a number of
strands of 4,000. The length of the transmission coil in the y-
direction was fixed at 600 mm. (a) shows the number of coil turns
fixed at 6 with a pitch of 9.1 mm and the length in the x-direction
varied from 800 mm, 1100 mm, 1400 mm, 1700 mm and 2000 mm.
(b) shows the number of turns with 6 turns and the length in the x-
direction fixed at 1700 mm, with the pitch varied from 5.1 mm, 9.1
mm, 18.1 mm and 27.1 mm. (c) shows the number of turns varied
from 6, 11, 16, 21 and 26 coils when the length in the x-direction is
fixed at 1700 mm and the pitch at 9.1 mm.

Fig 9-Fig 11 shows a comparison of experimental and calculated
values of self-inductance and internal resistance for each of the
patterns (a)-(c) in Fig 8 according to the method from [28] [26] [27].
For inductance, the error increases to around 10% when the pitch is
increased, but the other coils with a pitch of 9.1 mm show very good
agreement. The cause of the increase in error due to the wider pitch
is that the coils produced this time use only Litz wire to maintain
the wire-to-wire contact, which is thought to increase distortion.

IEEJ Trans. ©@,V0.0@®, No.O®, 000



WPT COIL DESIGN CONSIDERING MAGNETIC FIELD

e M
iy
Tyl

-

i

ot

/ il
Y iy’ I
Hm m}»\,\z i [ Vi
T I il

o ) ] ",H\

Fig 8 Coils used in the experiment. (a) Change in coil size (b)
Change in coil pitch (¢) Change in number of coil turns. (The long
sides are in the x-direction (direction of vehicle travel) and the short
sides are in the y-direction (direction of vehicle width)).

In addition, the formula is given in (12) uses the average of the
long and short sides, which is more accurate when close to a square,
so the inner turns may depart from the square more as the pitch
increases. Errors are also found for the internal resistance, but the
trend is very well captured and fast numerical analysis is found to
be possible. The reason for the larger measured values than in the
numerical analysis may be that the influence of the resistance
component at the terminals was not taken into account, or that only
the proximity effect from neighboring wires was taken into account
for simplicity. This can be read from the fact that the error spreads
as the number of turns increases. However, it was found that both
self-inductance and internal resistance can be derived only by
numerical analysis.

4.2 Comparison of experimental and analytical values from
power transmission.

Here, a power transmission of 30 W was carried out and the
experimental results were compared with the values derived by
theory. The transmission distance was 220 mm and the power
receiving coil had a coil size of 800 x 600 mm, with 7 turns and a
pitch of 11 mm. The Litz wire used in the power receiving coil was
a strand diameter of 0.05 mm and the number of strands was 10,000.
Fig 12 shows the coil sizes used in the experiments. The circuit uses
the same SS circuit as in Fig 1, and the efficiency is AC to AC
efficiency using the power before the rectifier.

For the power transmission coils, a length of 1700 mm is shown
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Fig 9 Comparison of experimental and theoretical values of
inductance and internal resistance for each coil size (x
direction).
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Fig 10 Comparison of experimental and theoretical values of
inductance and internal resistance for each pitch.
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Fig11 Comparison of experimental and theoretical values of
inductance and internal resistance for each number of turns.

as an example, but the length in the x-direction was changed for the
experiments and discussion. Fig 13 and Fig 14 show a scene from
the experiment. The measurement points for the near magnetic field
leakage were 1.1 m in the y-direction and 1 m in the z-direction, as
it was assumed that a point at a height of 1 m was to be measured
0.2 m from the vehicle body, which was 3800 mm wide.

For the far magnetic field leakage, the magnetic field strength
was measured at 11.9 m in the y-direction and 1 m in the z-direction,
as the measurement was made using a turntable at 11.9 m centered
on the coil used for power transmission. A sinusoidal voltage at
85kHz was applied with a Bipolar Power Supply (KIKUSUI:
PBZ40-10) and power was obtained using a rectifier and electronic
load (TAKASAGO: FK-3-200-L) on the secondary side. Current,
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voltage and power were measured with an oscilloscope 1 110
(TELEDYNE: 6034A), the near magnetic field was measured with 0.95 ® ° 4 ° ® 100%
a MAGNETIC FIELD HiTESTER (HIOKI: FT3470-51) and the . E»
far magnetic field with a Loop Antenna (ETS-LINDGREN: Model . 0.9 N p— 90 2 g
Q e e an o» afien o» o> a» & @ = =
6502). The voltage and power received were set to uniform £0.85 80 T i
conditions using each of the transmission coils produced in Chapter é 0.8 0 E =
4. The power received was adjusted by the load. The experimental = Efficiency_Cal e
. . .. ° Efficiency_Ex 20
data shown below is the conversion of a 30 W power transmission 0.75 = = = = Far Magnetic Field Cal 60 g
at an input voltage of approximately 23 Vrms into a 20 kW power 07 Far Magnetic Field Ex 50
transmi'ssion at a 600 Vr‘ms .input. From (4), the power is ’ 800 1000 1200 1400 1600 1800 2000
proportional to the square of the input voltage, and from (2) and (3), Coil size [mm
the current value is proportional to the input voltage. From (26) and (a)
acnetic fi tranoth ic ESR - 2 60 50
(27). the magnetic field 51{?|1ctl1 is pl()pOlFlOﬂdlA to the current value, Current 11 Cal p
which can be converted. The power received is assumed to be the 50 B CurrentIl Ex T
AC side power. Efficiency is also calculated by AC to AC. = 10 - A— Eig ﬁgggggg ll;gg:gil 40§
= [ ] [ [ » «
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g 30 o=
2 2 A 42057
1
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=
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Flg 12 Coil size of transmission coil (Tx) and receiving coil Coil size Imm
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Fig 15 Comparison of experimental and calculated values of
efficiency and far and near magnetic field strength and primary
current for various coil sizes. (a) Efficiency and far magnetic
field strength. (b) Primary current and near magnetic field

strength.
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Fig 16 Comparison of experimental and calculated values of
: efficiency and far and near magnetic field strength and primary
Fig 14 Scene of measurement of the far magnetic field current for various pitch. (a) Efficiency and far magnetic field
leakage. strength. (b) Primary current and near magnetic field strength.
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Fig 20 Fig 18 Relationship between efficiency and magnetic field strength
5 800 1400 6.1 46 99.3  81.6 for the number of turns of coils on the transmission side at each pitch

Parameters in bold are the degrees of design freedom.

for each input voltage, when the transmission power is fixed at 20 kW.
(-: efficiency, [J: magnetic field strength)
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Fig 19 Relationship between primary and secondary currents
at 600 V input with respect to the number of turns at each pitch.

equation derived in Chapter 4 and the measured values are in good
agreement. In this section, in addition to the size, pitch, and the
number of turns of the coil, the input voltage is also added as a
degree of freedom in the design, and the effect of each parameter
on the magnetic field strength is discussed under the conditions of
20 kW power transmission. As most of the fundamental waves of
the near magnetic field strength in Chapter 4 are below 27 pT, and
it is relatively easy to design below the regulation value by
installation on the vehicle body and shielding, the far magnetic field
strength is discussed in this section.

5.1 Behavior of number of turns, pitch and input voltage
Here, the size of the transmission coil was fixed at 1700 x 600 mm,
the number of turns was changed at each pitch and the efficiency
and magnetic field strength were evaluated. Similarly, this was
evaluated at various input voltages.

In 5.1, coil size was fixed and the behavior of pitch and number
of turns for each input voltage was confirmed. In 5.2, pitch and
input voltage were fixed and graphs were presented for the behavior
of coil size and number of turns. In 5.3, a summary of chapter 5 was
presented. Table 2 summarizes the minimum magnetic field
strength for each design condition. The parameters in bold are the
parameters with design degrees of freedom.

Fig 18 shows the relationship between power transmission
efficiency and magnetic field strength with regard to the number of
turns at each pitch when the input voltage is set to 600 V, 1100 V,
1600 V and 2000 V respectively. Fig 18 (a) shows that at each pitch
there is a number of turns for which the magnetic field strength is
minimum. The magnetic field strength depends on the
multiplication of the current value, coil size and the number of turns
from (26) and (27). In Fig 18 the coil size is not varied, so here the
current value and number of turns mainly determine the magnetic
field strength. Fig 19 shows the relationship between the primary
and secondary currents at each pitch in relation to the number of
turns at the time of Fig 18 (a). The transmission power has been
unified at 20 kW this time and the power transmission efficiency
has not changed significantly, indicating that the change in the
primary side current is not so large. On the other hand, the
secondary-side current changes significantly in relation to the
number of turns of the primary-side coil. For the secondary coil, the
number of turns does not change in response to an increase in the
number of turns of the primary coil, while the current value of the
primary coil does not change in response to an increase in the
number of turns, but the product of current value and number of
turns increases in a linear shape. These changes are considered to

be the reason for the existence of the number of turns and pitch at
which the magnetic field strength is minimized in Fig 18. At 600 V
input, with a pitch of 25.1 mm and 11 turns, the minimum value of
the magnetic field strength was 84.9 dBpuA/m with a power
transmission efficiency of 98.5%. When the input voltage limit was
lifted, at an input voltage of 2000 V, the minimum value of the
magnetic field strength was 84.7 dBuA/m with a pitch of 7.1 mm
and 40 turns, resulting in a power transmission efficiency of 98.9%.
It can be seen that the magnetic field strength in Fig 18 (c) is more
suppressed than in Fig 18 (d), but it should be noted that for reasons
of clarity, the number of pitches is limited in the graph.

Unlimited the input voltage resulted in the lowest magnetic field
strength at 2000V, which is the maximum in the range of parameter
changes. Increasing the input voltage reduces the current when
dealing with the same power and contributes to the reduction of the
magnetic field strength. Table 2 shows that the reduction in
magnetic field strength at 2000 V is not as great as at 1600 V input.
The effect of the voltage increase is expected to increase if the
power transmission is not fixed at 20 kW but unified at a higher
power.

5.2 Effect of coil size on magnetic field strength

Next, the length of the transmission coil is examined. Fig 20
shows the relationship between power transmission efficiency and
magnetic field strength for each coil size in relation to the number
of turns when the input voltage is 600 V and the pitch is fixed at 9.1
mm. From this, it can be seen that the magnetic field strength can
be reduced when the coil size is reduced. From (26) and (27), it is
clear that the magnetic field strength depends on the multiplication
of the current value, coil size and the number of turns, which can be
correctly expressed as follows. When the input voltage and the pitch
were changed simultaneously, the far magnetic field strength could
be reduced to 81.6 dBpA/m when the coil size was 800 x 600 mm,
the number of turns was 46 and the pitch was 6.1 mm at 1400 V
input. In [30], it is shown that the coil length is economically
superior as it significantly reduces the number of coils installed in
the Electric Road. However, the present results show that increasing
the coil size increases the magnetic field strength. It is important to
select the appropriate coil in consideration of economy and safety.
5.3 Summary of the effect of coil design parameters on
magnetic field strength

In 5.1, when the coil size was fixed at 1700 x600 mm, parameters
other than the coil size were changed, but the magnetic field
strength did not fall below the regulated value.

In 5.2, coil size and number of turns were selected as design
parameters. It was found that there was a number of turns below the
regulated value of magnetic field strength for coils with a small coil
size. The table shows the results when the input voltage, which is
the boundary between low voltage and high voltage, is set to 600 V,
when the pitch is fixed, the configuration with the minimum
magnetic field strength, and when all the parameters are set to the
design freedom. In this case, the coil size was 800 x 600 mm
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for the number of turns of the coil on the transmission side for each

coil size when the transmission power is fixed at 20 kW and the pitch

is 9.1 mm. (-: efficiency, [J: magnetic field strength)

because the variation range of the coil size was limited to the length
of the receiving coil, but further reduction can be expected.

6. Conclusion

In this study, the coil design focused on the magnetic field
strength as one of the key factors to ensure the safety of the coil,
which is essential for the practical application of dynamic wireless
power transfer to electric vehicles. In contrast to the conventional
coil design using electromagnetic field analysis, which is the
mainstream method, the design can be carried out using only
numerical analysis, which enables fast analysis of multiple
parameters, and the effect of misalignment, which frequently occurs
in the case of DWPT, can be easily analyzed. The analytical results
and the experimental results at low power agreed very well,
showing the validity of the theory. The magnetic field strength is
discussed for the far field at 11.9 m from the center of the coil and
the near field at 1.1 m from the center of the coil. Both are
considered at a point 1 m in the z-direction. By using this design
method, the transmission distance of the main coil, misalignment,
circuit configuration and load conditions can also be freely
designed, and economic feasibility can be studied.

Under the condition of 20kW power transmission, the behavior
of each parameter to the magnetic field strength was confirmed in
simulation. When the input voltage was 600 V and the coil length
was 1700 mm, the minimum value of the far magnetic field strength
was 84.9 dBuA/m and the power transmission efficiency was
98.5% when the pitch was 25.1 mm and the number of turns was
11. On the other hand, when the input voltage limit was lifted, the
magnetic field strength was 84.7 dBpuA/m and the power
transmission efficiency was 98.9% at a pitch of 7.1 mm and 40 turns
at 2000 V. Increasing the input voltage could suppress the magnetic
field strength and improve the efficiency. Furthermore, although not
shown in the paper, taking a higher voltage has significant
advantages in terms of rapid charging and downsizing of the device
when considering power charging to EVs. However, the fact that a
rise in input voltage is not expected to result in a very large
reduction in magnetic field strength, and from the viewpoint of
safety issues and infrastructure development, it is necessary to make
an appropriate choice in the future.

In terms of coil size, at 600 V input, when the coil size was 800
x 600 mm with 14 turns and 10.1 mm pitch, the analyzed value
showed a minimum magnetic field strength of 82.0 dBuA/m and a
power transmission efficiency of 99.1%. Furthermore, when the

input voltage was changed, the power transmission efficiency was
99.3% at 1400V input with a pitch of 6.1mm and 46 turns, and the
magnetic field strength was 81.6 dBpA/m, the lowest value. It was
shown that the coil size significantly affects the magnetic field
strength. It was found that, depending on the choice of parameters,
even a core-less coil can be used to lower the regulated value of
82.8 dBuA/m for the far magnetic field strength. When
transmission power at 85 kHz as a regulated value of magnetic field
leakage, the regulation is established not only for the magnetic field
of the 85 kHz fundamental wave but also for the harmonics. Since
this study only examined the fundamental wave, it remains one of
the themes for future research. In addition, a coil design method
based on numerical analysis during the installation of shielding
material is an issue to be addressed.
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magnetic field strength.

Appendix

1) Accuracy of the derivation of the near magnetic field
strength

In this study, vector potentials were used to derive the magnetic
field strength. The vector potential is derived using the
approximation that the distance from the coil to the measurement
point is sufficiently large for the size of the coil. However, the
measurement points of the near magnetic field strength in this study
are 1.1 m in the y-direction and 1 m in the z-direction from the
center of the coil, which is not far away since the coil size is 1700
x 600 mm. Therefore, the distance of the measurement points and
the accuracy of the derivation are summarized in Fig Al. It can be
seen that the closer the measurement point is to the coil, the further
apart the measured and theoretical values are. The error rate at 0.7
m in the y-direction and 1 m in the z direction was -24.7%. The
error rate at 1.1 m from the y-direction and 1 m in the z-direction
was -6.0%, while at a distance of 1.5 m from the y-direction, the
error rate decreased to 3.9%. However, when the measurement
point is further away, the error rate tends to increase, although it is
not noticeable on the graph. This may be since the magnetic field
strength is reduced, making it more susceptible to magnetic fields
other than those from the coil. The regulated value of the near
magnetic field is 27 pT, and since it was 16 uT this time during 20
kW power transmission, there is no problem even if the error rate is
6%. However, in the case of power transmission at even higher
power levels, it is necessary to analyze the near magnetic leakage
field in detail by an electromagnetic field analysis, but in reality, the
power receiving coil is attached to the car body, and the near
magnetic field leakage can be greatly suppressed by the car body
and shielding material. Therefore, it is important to take adequate
countermeasures against far magnetic field leakage.
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