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ABSTRACT: Wireless Power Transfer (WPT) has received a great deal of attention in recent years. Wireless power transfer

for Electric Vehicles (EV) is becoming more important as a key factor in the popularization of EVs. Although the efficiency

of wireless power transfer by magnetic field resonance can be evaluated by the kQ product, the optimum coil design method

that maximizes the kQ product at a specific frequency has not yet been established. In the previous research, it is very

troublesome because the electromagnetic field analysis was repeated by trial and error. In this paper, the kQ product is modeled
for the number of turns in the Test Stations GA-WPT1 and VA-WPT1/Z3, which are defined in the international standard SAE
J2954, and the coil that achieves the maximum efficiency is evaluated in terms of the number of turns. Although some errors

in the modeling of the kQ product are expected to occur, a high-efficiency coil design plan is presented with almost no errors

in terms of efficiency.
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1. INTRODUCTION

1.1 Background

Wireless power transmission to electric vehicles (EVSs) has been
attracting attention in recent years as a clue to the stagnation of EV
penetration [ 2, EV penetration has been slow due to problems
such as cost, lack of charging spots, and range. However, the
weight and cost of the vehicle will increase. It has also been
claimed that there is a shortage of resources used for the batteries
themselves. In order to solve these problems, research is currently
being done on wireless power transmission while the vehicle is
running or stopped. In particular, wireless power transfer while
driving is a very attractive technology that minimizes the size of
the on-board battery and extends the cruising range to a semi-
infinite level by embedding coils in the road and using coils
mounted under the vehicle to supply power while driving B1- 171,

In this paper, we are going to study stationary wireless power
transfer, which has a high demand and a near-future of practical
use. Coil design is a very important topic in WPT systems,
although there are many issues such as coil cost, durability, weight,
power, and efficiency.
1.2 Purpose

In this paper, the goal is to maximize the transmission efficiency
of WPT by magnetic field resonant coupling in the S-S system.

The maximum efficiency of the magnetic field resonant coupling

nmax depends on the kQ product obtained from the coupling
coefficient k of the transmitter and receiver coils and the quality
factor Q value of the coil. The wireless power transfer efficiency
7 can be maximized by maximizing kQ product€], but a coil design
method that maximizes the kQ product at a specific frequency has
not yet been established [9,

In previous studies, electromagnetic field analysis has been
performed using FEM (Finite Element Method) [91 - 121 but it is
very time-consuming because the coil parameters are successively
changed and the optimal coil is sought by trial and error.

Hence, the optimal coil is obtained by numerical analysis using
4,000 strands of Litz wire, taking Test Station GA-WPT1 (Fig. 1)
and Test Station VA-WPT1/Z3 (Fig. 2), which are specified in
SAE J2954, as examples, assuming that the power is supplied to
the EV while the vehicle is stationary %1, In SAE J2954, ferrite is
used, but in this study, optimization is performed without ferrite.
1.3 Structure of this paper

The equivalent circuit of magnetic field resonant coupling and
the theory of transmission efficiency and kQ product are presented
in Chapter 2, the proposed method and measurement results are
shown in Chapter 3, misalignment is discussed in Chapter 4, and

the conclusion is given in Chapter 5.
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2. PRINCIPLE

2.1 Magnetic field resonant coupling

In this paper, we use the S-S method of magnetic field resonance
coupling, in which a capacitor and an inductor are connected in
series and resonate on both the primary (transmission side) and
secondary (receiving side) sides for WPT in electric vehicles 14,

The equivalent circuit is shown in Fig. 3.

The resonant angular frequency wo of the circuit can be shown
using the self-inductances L1 and L2 and the resonant capacitors C1

and C: as follows
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The coupling coefficient k and quality factor Q of the coil are
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shown below using the mutual inductance Lm and the internal

resistance ri of the coil (i= 1, 2).
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Fig. 3 Equivalent circuit in magnetic field resonance coupling of
(S-9).

By using the optimum load resistance Rz, ;max that maximizes the
efficiency 7, the maximum efficiency »max can be shown as follows.

RL,nmax =11+ k2Q:Q, 4)
k?Q1Q,

Nmax = 5
(1+ 1+ k%Q1Q2)? ©)
From (2) and (3), the kQ product can be expressed in
((‘JOLm)2
2 — \rormJ 6
k°Q,0Q; o (6)

The relationship between kQ product and efficiency is shown in
the Fig. 4. It can be seen that the maximum efficiency #max can be
increased by increasing the kQ product.
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Fig. 4 Relationship between kQ product and maximum efficiency.
2.2 Parameters to evaluate

The resonant angular frequency wo is known because the specified
frequency band is 85 kHz. Therefore, in this study, the kQ product
is obtained indirectly by deriving the mutual inductance Lm and the
internal resistance r of the coil. MATLAB is mainly used for the
analysis.

2.2.1 Mutual inductance Lm

The mutual inductance Lm is derived by the Neumann equation

(7). The parameters used in the analysis are shown in Fig. 5.
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2.2.2 Internal resistance r

When dealing with alternating current, there are two types of
losses: the skin effect loss, which causes current to concentrate on
the surface of the conductor, and the proximity effect loss, which

causes a bias in the ease of current flow due to the magnetic field
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Fig. 5 Parameters of the Neumann equation



Fig. 6 Assumed coil model

between adjacent wires. In order to reduce the skin effect loss, Litz
wire, which is a bundle of many thin strands, is mainly used in the
kHz band. The equations for deriving the skin effect and proximity
effect are shown below 131 [18], |n this case, there is no iron loss
due to the air-core coil.

Skin effect loss: @)

Pspit; =1 Fr(f) * Rpc * [Zns [W/m]
Proximity effect loss:

Pp itz =1 Gr(f) - Rpc (Hez + HLZ) [W/m]
n, 8, Roc, I%,s,Fr and Gr are shown below.
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The proximity effect due to the internal magnetic field Hi was
calculated in MATLAB using the PEEC method, which is a
method that enables numerical analysis by predictively converting
electromagnetic problems into equivalent circuit problems [17],

The external magnetic field He is mainly the magnetic field due
to the shape of the coil. For simplicity, only the adjacent Litz wires
are considered, and the adjacent lines are assumed to be of infinite
length and the current | is assumed to flow uniformly.

The external magnetic field He is shown below

12

HZ = @y (10)

By dividing equations (8) and (9) by 2 at the end, the internal
resistance per unit length can be expressed by the equation. This
equation includes the DC resistance.

_ (PS,Litz + PP,Litz)
r=———"""""""
12

The parameters of the Litz wire used in the analysis are shown

in Fig. 7. The structure of the Litz wire output by MATLAB is

[Q/m] (11)

shown in Fig. 8.
3. PROPOSAL METHOD

In this section, we show the evaluation procedure and
measurement results of kQ product. Five types of coils with
different numbers of turns were made for each side of the power
transmission and reception, and the analysis and measurement
values were compared. The Fig. 9 and Fig. 10 shows some of the
coils made and the measurement scene.

In this study, based on SAE J2954 Test Station GA-WPT1 and
Test Station VA-WPT1/Z3, the Litz wire used and transmission
distance are determined first, and then evaluated by the number of

turns.

(a) External and internal magnetic fields (b) Pitch
Fig. 7 Litz wire parameter

(a) Transmission side N;=34

(b) Receiving side N,=30
Fig. 9 Some of the coils used



Fig. 10 Measurement scene (No misalignment)

3.1STEP1

Determine the coil specifications based on the WPT environment
to be optimized. Determine the gap, the Litz wire, the distance
between wires, and the applicable frequency band.

The air gap was set to 200 mm, and AWG44/4000 was used as
the Litz wire ['8], The distance between lines was set to d = da. The
applicable frequency band was set to 85 kHz.
3.2STEP2

The equation of the relationship between the number of turns N
and the Litz wire length I is shown. The parameters of the coil are
shown in Fig. 11. Using the number of turns N, coil size X, Y, Litz
wire outer diameter da, and distance between wires a (= d - da), the
Litz wire length I can be shown as follows

l={2X+2Y+4a—-4(d,+a) N}‘N—«a (12)
3.3STEP3

The mutual inductance is derived for each combination of the
number of turns of the primary (transmission side) and secondary
(receiving side) coils.
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Fig. 11 Coil parameters
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Fig. 12 Comparison between analyzed and measured values of
mutual inductance Lm (N2=30).

Fig. 12 shows the comparison between the analyzed and
measured values when the number of turns of the secondary coil
is 30. It can be seen that the analytical and measured values are in
very good agreement.

3.4 STEP4

The internal resistance of the coil at each number of turns is
derived from (11) and (12).

The comparison between the analyzed and measured values is
shown in Fig. 13 and Fig. 14. The error became larger when the
number of turns was increased. This may be due to the simple
increase in the line length and the fact that only the external
magnetic field up to the next line is considered for simplicity. It is
said that it is difficult to derive the AC resistance of Litz wire, but

this result captures the characteristics well.
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Fig. 13 Resistance of transmission coil
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Fig. 14 Resistance of the receiving coil
3.5 STEP5

The kQ product was obtained from the mutual inductance Lm and
internal resistance ri obtained in STEP3 and STEP4 using (6). The
simulation results are shown in Fig. 15 and Fig. 16. The maximum
kQ product was obtained for 34 turns on the primary side and 30
turns on the secondary side, resulting in the maximum efficiency
#max.

Next, we compare the analyzed and measured values. The
comparison between the measured and analyzed values was made
along the black line in the figure, and the position of the graph
adopted for this paper is plotted. The orange points are the



maximum points. Fig. 17 and Fig. 18 shows the relationship
between the number of turns on the primary side and the
kQ product and efficiency when there are 30 turns on the
secondary side.

As in the analysis, the maximum kQ product was obtained for
34 turns on the primary side and 30 turns on the secondary side,
and the maximum efficiency was obtained. This means that
the optimization to maximize the efficiency within the given coil

size was achieved.
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Fig. 18 Efficiency nmax at number of turns at 30
on the secondary side. (<>: maximize of efficiency)

4. MISALIGNMENT

In this section, the optimal coil in the case of misalignment was
verified. The misalignment values were set to 75 mm in the X-
direction and 100 mm in the Y-direction, as specified in SAE
J2954, and we verified that the efficiency target of 80% was
achieved.

The results of the analysis of kQ product and efficiency are
shown Fig. 19 and Fig. 20. The comparison between the measured
and analyzed values was made along the black line in the figure,
and the position of the graph adopted for this paper is plotted. The
orange points are the maximum points.

The maximum kQ product and efficiency nmax were obtained
when the number of turns in the primary side was 33 and the
number of turns in the secondary side was 29. Since we did not
make a coil with 33 turns on the transmission side and 29 turns on
the receiving side, we compared the measured values with the
analyzed values using the same coil.

Fig. 21 shows the measurement scene. Fig. 22 and Fig. 23 shows
the relationship between the number of turns on the primary side
and the kQ product and efficiency when there are 30 turns on the

secondary side.
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-Fig.. 25 Méaéurement scene
(Misalignment AX=400, AY=100mm)

5. CONCLUSION

In this study, we proposed a coil design method that achieves
high efficiency only by numerical analysis without using
electromagnetic field analysis. In addition, an optimum coil design
method is proposed under the more practical conditions of SAE
J2954. The proposed coil can achieve an efficiency of 99.2%
without misalignment. In Chapter 4, we showed that the optimal
coil design in the case of no misalignment is also nearly optimal
in the case of misalignment within a specified range. The
efficiency in the case of misalignment was very high, 98.8% even
within the default range, and could be maintained above 80% even
when the misalignment was 400 mm in the X-direction and 100
mm in the Y-direction. This proposal is based on the assumption
that the coil is used for power supply while the electric vehicle is
stopped, but it can be applied to all kinds of coils, not only coils
used for power supply while the electric vehicle is running, and is
very promising. In the future, we will examine the actual power
used, the ferrite laying, and the compatibility of various coil
combinations.
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