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Abstract—In this article, a design method of the double-D (DD)
coil aiming at high misalignment tolerance is proposed, and the
electromagnetic field (EMF) shielding of the system is considered.
Inspired by the DD coil recommended in the standard J2954 pub-
lished by the Society of Automotive Engineers, the novel structures
of the transmitting (Tx) coil and the receiving (Rx) coil are designed,
respectively. First, the standard DD coil is introduced as a reference.
Second, for the Tx coil, the parameters, such as length, width,
and coverage, are investigated in detail. For the Rx coil, the coil
structure overlapped in the edge is optimized. The purpose is to
obtain a higher coupling coefficient at the maximum offset. Third,
considering EMF emissions exceeding the limit, the structure of
the central-depressed coil with E-shaped cores is proposed in the
Tx coil. The EMF emissions can be reduced to less than 27 T at
the rated output power. Finally, a 6.6-kW experimental system of
which the maximum transmission efficiency is higher than 94%
is set up. The experimental results prove that the proposed struc-
ture is beneficial to maintain a higher coupling coefficient against
misalignment and suppress EMF emissions.

Index Terms—DD coil, EMF emissions, misalignment tolerance,
wireless electric vehicle charging.

I. INTRODUCTION

IRELESS charging is becoming popular since it does
W not need charging cables and is convenient to operate
[1]-[3]. Inrecent years, a lot of wireless electric vehicle charging
(WEVC) applications have been proposed, and the advantages,
such as providing automatic charging, increasing device mo-
bility, and reducing battery capacity, are highlighted [4]-[6].
In these applications, the circular coil and the square coil are
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widely used because of the simple structure and relatively low
electromagnetic field (EMF) emissions [5]-[7]. However, the
misalignment tolerance of these coils seems weak [8]. When the
transmitting (Tx) coil and receiving (Rx) coil are not aligned,
the coupling coefficient k always decreases significantly, which
leads to low output power and transmission efficiency.

To improve k when the Tx coil and the Rx coil are misaligned,
Budhia et al. [9] first proposed a new polarized coil structure as
a double D (DD). Compared with the square coil, the DD coil
can provide a charge zone five times larger for a similar material
cost [9]. Another advantage is that k remains constant within a
certain lateral offset of the Rx coil. It is beneficial to WEVC
systems because the parking locations are usually not fixed and
the misalignment tolerance is crucial [10], [11]. The standard
J2954 published by the Society of Automotive Engineers (SAE)
also recommended DD coils for different power levels, which
proves that the DD coil is widely used in industry [12].

In this article, two research hotspots of the DD coil are selected
for investigation. First, although SAE J2954 has specified some
important coil parameters, it is uncertain whether these param-
eters reach the optimal values. For example, as the DD coil is
designed to improve the misalignment tolerance of traditional
unipolar coils, whether the misalignment tolerance can be further
enhanced becomes a problem worthy of study. Budhia ez al. [9]
summarized some design parameters of the DD coil to improve
k, which motivates the study of this article. A novel DD coil with
a quadrature coil, which is called DDQ pad, was also proposed
in [9]. The misalignment tolerance of the lateral and horizontal
directions can be improved simultaneously. But two sets of inde-
pendent rectifier with filter are needed, which makes the vehicle-
side complex. Li et al. [13] also adopted the method of coil
combination and proposed a solenoid DD (SDD) coil. A good
tolerance for air gap variation and horizontal misalignment was
validated. The coil combination is useful, but adding coils will
cause additional losses and complexity. Li et al. [14] proposed
a novel Taichi coil and proved that it could improve the lateral
misalignment tolerance compared with the DD coil. Generally,
some methods have been proposed to improve the misalignment
tolerance of the DD coil. However, these methods are at the cost
of increasing the structural complexity of the DD coil.

Second, the safety problems caused by the EMF leakage in
practical applications need to be considered. EMF emissions
are not only serious health concerns but also may interfere
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with other vehicle-side electronic systems, such as remote start
systems [15]. The most popular EMF shielding method is to
place aluminum (Al) plates under the Tx coil and above the Rx
coil, respectively, [16]. Lin et al. [17] proposed an optimized
core structure that can realize better shielding for the DD coil.
By extending the core past the ends of the coils in each pad,
the flux generated by the Tx coil will be attracted and not be
coupled to the Rx coil or leak. Furthermore, Mohammad et al.
[16] analyzed the EMF emission limit recommended by the
International Commission of Non-Ionized Radiation Protection
(ICNIRP). Then, a shielding method using a combination of Al
shielding and magnetic shielding is proposed. This method is
far more effective than Al shielding. However, additional cores
will increase the weight and volume of the magnetic coupler,
which is not expected for the miniaturization of vehicle-side
equipment.

From the abovementioned discussion, existing research works
on misalignment tolerance improvement and EMF suppressing
for the DD coil can be supplemented.

1) Previous studies have focused on changing the structure
of DD coils, such as designing DDQ pad or SDD coils, to
improve the misalignment tolerance. However, if we do
not want to alter the DD coil to other coil structures, the
coil parameters need to be reoptimized, and the general
method needs to be concluded.

2) After the coil parameters are redesigned, it is questionable
whether the original Al shielding is effective. Thus, the
effectiveness of Al shielding under different coil parame-
ters needs to be analyzed. If it fails to reduce the leakage,
the other EMF shielding methods are worth studying. For
instance, the ferrite shielding proposed in [16] is useful,
especially for the case with misalignment. However, it
may lead to additional core consumption and an increase
in weight. The tradeoff between effectiveness, complexity,
and material consumption needs further investigation.

Considering the issues of current research works, the purpose
of this article is to propose a design method of the DD coil to
obtain better misalignment tolerance and lower EMF emissions.
Some information needs to be declared as follows.

1) For health reasons, the ICNIRP guideline provides that the
root-mean-square (rms) value of the exposed flux density
for 3-100 kHz cannot exceed 27 uT. Thus, 27 uT is
selected as a reference value for finite-element analysis
(FEA) simulation in this article.

2) Since EMF emissions are related to system power level
[14], to comply with SAE J2954, this article selects a
WPT?2 (the output power is 6.6 kW)/Z2 (the transmission
distance varies from 140 to 210 mm) charger to validate
the research.

The remaining of this article is structured as follows. In
Section II, the DD coil recommended in SAE J2954 is intro-
duced. Aiming at improving the coupling coefficient against
misalignment, the Tx coil and Rx coil are designed in Section III.
Then, in Section IV, the central-depressed coil with E-shaped
cores is proposed in the Tx coil. The experimental results
are provided in Section V. Finally, Section VI concludes this
article.
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Fig. 1. Standard coils in SAE J2954 (WPT2/Z2) [12]. (a) Tx coil. (b) Rx coil.
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Fig.2. Al shielding in SAE J2954.

II. DD CoiL IN SAE J2954

A. Parameters of the Coil

Taking WPT2/Z2 as an example, the standard coil is shown in
Fig. 1 [12]. The size of the Tx coil is about 650 x 600 mm, and
that of the Rx coil is 330 x 250 mm. For the Tx coil, the larger
size is designed to cover different air gaps. Also, the asymmetric
structure guarantees the stability of transmission efficiency when
the coils are misaligned [18]. Smaller Rx coil is chosen to reduce
the weight of vehicle-side equipment. Cores and Al plates are
located below the Tx coil and upper the Rx coil, respectively, to
enhance coupling and realize EMF shielding.

B. Al Shielding and Shielding Effectiveness

Al shielding is recommended in SAE J2954, as shown in
Fig. 2. For low-frequency magnetic field, it is easy to use cores to
shape the flux and avoid leakage because of its high permeability
[4]. However, cores are not suitable for high-frequency magnetic
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Fig.3. Defined EMF regions in SAE J2954 [12]. (a) Top view. (b) Front view.
field shielding because the high hysteresis loss leads to the
decline of system quality factor [19]. Thus, Al plates with high
conductivity are applied. Due to the eddy current effect, the
generated reverse magnetic field can weaken the flux leakage
[20].

Mohammad et al. [16] introduced shielding effectiveness (SE)
to evaluate the shielding method. The SE is defined as follows:

Hy

SE =20lg R (1)
where Hy and H; are the rms values of the magnetic field strength
measured at the same test point without and with shielding,
respectively. The more effective a shielding method, the lower
H; is, and the corresponding SE will increase. Thus, SE can
be introduced to evaluate how effective the shielding method
is. In this article, the SE of several methods is compared at
different test points to prove the proposed method can realize
better shielding.

C. EMF Emission Limit and Test Points

As illustrated above, for an 85-kHz charging system, the flux
density cannot exceed the ICNIRP threshold of 27 ;Trs at all
test points. Three regions are defined to facilitate EMF safety
management in SAE J2954, as shown in Fig. 3. Region 2 and
Region 3 are exposed to drivers and pedestrians. Therefore, in
this article, three measurement lines are set in Region 2 and
Region 3, respectively, as shown in Fig. 4. Only the flux density
along each line is less than 27 uTgrms can the shielding be
validated.

III. RESEARCH ON MISALIGNMENT TOLERANCE
IMPROVEMENT

The diagram of a typical WEVC system is shown in Fig. 5.
When the DD coil is applied, the output characteristics, such as
output power and coil to coil efficiency, can be obtained [11],
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[21]. The output power P, is calculated as follows:

Pout = PauQ2 = Vin [1K°Q2 2)
WLQ

— 3

Q2 Rt 3)

where Pg, is the uncompensated power and can be used to
evaluate system power capacity. Qs is the quality factor of the
receiver circuit, and it is always limited to 4-6 in practical
applications [11]. Also, it is easy to obtain the maximum coil to
coil efficiency as follows:

e = —— *
(1+/I+5Q,Q,)°
_wh
Qp - Rl (5)
_why
Qs = R (6)

where (), and ), are the quality factors of the Tx and the Rx
coil, respectively [21]. Their values are usually stable, reaching
several hundred in WEVC systems.

To realize the maximum efficiency, Yang et al. [4] demon-
strated that the optimal load is essential. Only if the load is
matched to the optimal one, the maximum efficiency can be
achieved. The optimal load can be derived as

R
Ropt = \/}%Q(R1R2 + w2k2L1L2). (7)
1
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Equations (2) and (4) show that the optimization of the DD coil
can be carried out from k and Q. Since Q is relatively stable, & is
easier to be improved by comparison. Two important parameters,
length—width ratio r, and coverage 1}, are chosen to be designed
for higher £ in this article, as shown in Fig. 6. Additionally, the
inverter is not the focus of this article, so the efficiency from
inverter output to load is defined as the transmission efficiency
and discussed in the following sections.

A. Length-Width Ratio

As shown in Fig. 7, the length—width ratio r,, can be expressed
as

ro= L. @®)
w

Assuming that all the simulated coil models have the same
product of length and width, by FEA simulation, the trend of k
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Fig. 8.  k versus offset under different . (a) X offset. (b) Y offset.

versus offset under different -, is shown in Fig. 8. For X offset,
k keeps relatively high when r, is 1.5 or 1.6. Meanwhile, under
r, of 1.6, the stability of k is improved slightly. For Y offset, k is
almost the same when r,, varies from 1.3 to 1.6. It is also noted
that k decreases obviously, and its stability against offset declines
if r, exceeds 1.7. Thus, taking the tradeoff of misalignment
tolerance and practical installation, this article designs 7, as
1.5.

B. Coverage

The coverage 1 is a parameter that distinguishes the DD coil
from the circular coil, and it is defined as

= ©)
7 1S mainly determined by the number of turns N and pitch
of each turn [11]. Therefore, the two aspects are studied in this
article. First, the coil is close winding (pitch ~ 0) when studying
the effect of N. As shown in Fig. 9, k is almost independent of
N, whereas P, increases with the growth of N. Combined with
(2), it is clear that P, is desirable during N varying from 4 to 9.
Second, the effect of the pitch is investigated. Fig. 10 presents
the coil models with the same N and different pitches. It can be
seen that 7, increases if the pitch gets large. Based on these
models, the trend of k versus 7, under different N is depicted in
Fig. 11. r, of 10% represents close winding. From Fig. 11, the
following conclusions can be summarized.
1) If N is fixed, k increases first and then decreases with 7y,.
When the coils are aligned and the air gap is minimum,
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Fig. 12.  Coil models with different 6. (a) 6 = 10 mm. (b) 6 = 20 mm.
(¢) 6 = 40 mm.

the maximum k occurs at 7, of 20%—-25%. However, with
the maximum offset, r;, should be 30%—-35%.

2) If N is not fixed, generally, k of the same 7, has little
difference. N and r, have little effect on k when the coils are
aligned and the air gap is minimum. Therefore, k with the
maximum offset attracts more attention. Considering both
high misalignment tolerance and Litz wire consumption,
Nis setas 7, and 7y, is designed to be 35% in this article.

C. Design of Rx Coil

As recommended in SAE J2954, the Rx coil is characterized
by the overlapping in edge. In this section, the influence of the
overlapping is analyzed. We established Rx coil models with
different overlapping, as shown in Fig. 12.

0 is used to represent the numbers of the overlapped layers.
The smaller § is, the more layers are overlapped. § is 40 mm,
20 mm, and 10 mm, which represent no layers, two layers, and
three layers are overlapped, respectively. The trend of k is plotted
in Fig. 13. We can find that k increases after the layers are
overlapped. As more and more layers are overlapped, k£ will not
change a lot, but the coil is getting thicker. Taking the tradeoff
of k and the coil thickness, a two-layer overlapping is adopted,
as shown in Fig. 14.

D. Comparison With Standard Coil

k of the designed coil and the standard one are simulated,
respectively, and compared. The results are plotted in Fig. 15.
k of the designed coil is higher than that of the standard coil
when the offset increases, which is beneficial to improving the
misalignment tolerance.

IV. OPTIMIZED STRUCTURE FOR EMF SHIELDING

A. Analysis of Core Length

The simulated flux distribution of the DD coil is shown
in Fig. 16. ®,, is the main flux that contributes to magnetic
coupling. ®;, 5, P4, and P5 are the possible flux leakages
without shielding.
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The magnetic circuit model is established in Fig. 17. F; and F»
represent the magnetic motive forces generated by the DD coil.
R,;; and R, imply the magnetic reluctances of each magnetic
circuit. The flux leakages ®;, ®2, ¢4, and ®5 can be calculated
as follows:

F1 F2
P = By = (10)
! Rair—l + Rcore—l ? Rair—2 + Rcore—S
Fy + F: Fi + F
B, — 1+ L2 O — 1+ 12 an

Rairfél + Rcore72 Rair75 + Rcoref4

Fy and F are determined by power levels and supposed to be
constant. From (11), ®; and ®5 can be suppressed by increasing
Reore-1 and Reore-3. In general, the magnetic reluctance R oo 1S
expressed as follows:

l
HA
where / means the core length, p is the permeability, and A
represents the effective area of the core. Thus, the core length

Rcore = (12)

9039

[—=—Designed Z=140 mm|
0.28 - - ® - Standard Z=140 mm
—& - Designed Z=175 mm|
[~ v = Standard Z=175mm
4 Designed Z=210 mm|
0.24 + <_Standard Z=210 mm
=020 ‘e
[ R R SR
ST o ~~‘_'L‘~‘
0.16 |- S -w . Tr=a
S~
e e
< DAREEREE e~ _
0.12 « -
<
T T T T T T T T T
0 10 20 30 40 50 60 70 80
X offset (mm)
(@
0.32
[—=— Designed =140 mm
- ® - Standard Z=140 mm
—& - Designed Z=175 mm|
0.28 - —v— Standard Z=175mm
- 4 Designed Z=210 mm|
< Standard Z=210 mm
024rF % e T
~2
0.20 -
. Y S
v - - -y - = :;__‘:':_ = .a
0.16 - Y
PO e PO
< < bAREEEEN .
0.12} b < <
T T T T T T
0 20 40 60 80 100
Y offset (mm)

Fig. 15. Designed coil versus standard coil (without central-depressed struc-
ture). (a) X offset. (b) Y offset.

Flux leakage Flux leakage
_—— O,
: : Mutual coupling Mutual coupling : _____ |
| [ YO, AU VR '
| | : Mutuaj coupling [ i :
: 1) [ 1
L ! |
===\ /i L T A\ | S ——
| |
NN ERETESSRIL IS et a RN AWTIMIATA R R RS |
/=553 I f———— |
| | Self coupling | |
| | \ D, | |
| — | . L |
= )
| |
bttt Flux leakage -
Self coupling D Self coupling
@, D,

Fig. 16.  Simulated flux distribution.

should be increased. Equation (11) also proves that the increase
in the core length is beneficial to reduce the impact of ®, and
®5. In this article, the length of the strip cores is extended to be
the same as the length of the coil, as shown in Fig. 18.

The flux density distributions before and after increasing the
core length are shown in Fig. 19. It can be seen that the flux
leakage around the vehicle is significantly suppressed. However,
the flux density above the Rx coil still exceeds the limit.

Table I lists the calculated maximum SE at different measure-
ment lines shown in Fig. 5. From Table I, the following can be
concluded.

1) SE will decline with misalignment. Thus, misalignment is

harmful to EMF shielding.

2) The values of SE in Table I are relatively low, which means

the method of increasing the core length is insufficient and
can be improved.
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TABLE I
MAXIMUM SE AT DIFFERENT MEASUREMENT LINES
Measurement Measurement Measurement
Line 1 Line 2 Line 3
No Offset 3.12dB 2.24 dB 3.01dB
Maximum 2.11dB 2.20 dB 2.51dB
Offset ’ : ’

3) The SE at measurement line 1 decreases more than the
one at measurement line 2 because the DD coil has better
misalignment tolerance in the Y-direction. When the Rx
coil moves, the flux distribution will not be influenced
significantly. Therefore, for the DD coil, measurement line
2 is relatively not critical in the three lines.

B. Optimization of Pitch of Each Turn

In Section III, the pitch of each turn is optimized for higher
k. Keeping the coverage and the number of turns fixed, the pitch
is adjusted, as shown in Fig. 20.
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Fig. 20.  Optimization of pitch. (a) Before adjustment. (b) After adjustment.
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After the pitch is optimized, the flux density along each
measurement line is plotted in Fig. 21. This method can reduce
the flux leakage on the side of the vehicle, but fail to suppress
the flux leakage above the vehicle.

C. Central-Depressed Coil With E-Shaped Cores

As illustrated above, the abovementioned two methods fail to
make the flux leakage lower than the limit. Therefore, the two
approaches are combined, and the coil structure is redesigned,
as shown in Fig. 22.

Compared with the conventional one, the part marked by the
dotted frame is designed to move down by about 10 mm. Also,
combined with (10) and (12), a small number of cores are added
to convert strip cores into E shape so that the core length can
be further increased, as shown in Fig. 23. To accommodate the
thickness of the added cores, 10 mm is selected

When the proposed structure is applied, the flux density
distribution is simulated, as shown in Fig. 24. Compared with the
two methods mentioned before, the flux density is lower than 27
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Fig. 22.  Proposed central-depressed coil.
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Fig. 23.  Central-depressed coil with E-shaped cores.
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Fig. 24.
offset.

Flux leakage of the proposed structure. (a) No offset. (b) Maximum

1 Trys even under the maximum offset. The simulation results
of the flux density along measurement lines also prove the same
conclusion, as shown in Fig. 25.

To further verify that the proposed method is reliable, with
the maximum offset, the values of SE of the three methods are
calculated and listed in Table II. It is easy to observe that the pro-
posed structure can achieve the highest SE at each measurement
line, which means that the central-depressed coil with E-shaped
cores is the most effective in EMF shielding.

When the central-depressed coil with E-shaped cores is ap-
plied, the variation of k is analyzed. The simulation results
of k are shown in Fig. 26. Compared with Fig. 15, although
the proposed structure leads to the decrease in %, it is still
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TABLE I
COMPARISON OF MAXIMUM SE OF THREE METHODS
Measurement Measurement Measurement
Methads Line 1 Line 2 Line 3
Increase Core 2.11dB 2.20 dB 2.51dB
Length
Increase Pitch 426 dB 4.18 dB 4.11dB
Proposed 6.23 dB 5.77dB 6.18 dB
Structure

obviously higher than the standard value, especially when X
offset increases. Thus, it can be concluded that the proposed
structure can achieve better misalignment tolerance and EMF
shielding.

V. EXPERIMENTAL VALIDATION
A. Experimental Setup

An experimental system shown in Fig. 27(a) is built to validate
the proposed design method. The system consists of an inverter,
compensation capacitors, magnetic coupler, rectifier with capac-
itive filter, and load. An 800 x 800 mm Al shielding plate will be
putabove the Rx coil, as shown in Fig. 27(b). To simulate the pos-
sible misalignment between coils, a moveable bench is designed.
The Rx coil can move along the X-/Y-/Z-axis. The waveforms
are recorded by the oscilloscope Tektronix MDO3054, and
the transmission efficiency is measured by the power analyzer
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Fig.26.  Designed coil versus standard coil (with central-depressed structure).
(a) X offset. (b) Y offset.

Fig. 27. Experimental system. (a) Overall view. (b) Adding a Al shielding.

TABLE III
PARAMETERS OF DESIGNED DD CoILS

Parameters Tx Coil Rx Coil
Dimension
(Length x Width)/mm 750 %500 320 %250
Number of Turns 7 6
Litz Wire 6 5
Diameter/mm
Self-Inductance/uH 63.1 40.5
Internal Resistance/mQ 85 70
Coupling Coefficient 0.12~0.24

Fig. 28.  Designed DD coil. (a) Tx coil. (b) Rx coil.

Yokogawa PX8000. Field strength meter NARDA EHP-200 is
utilized to record the flux density.

The designed coils are shown in Fig. 28. The detailed param-
eters are listed in Table III.

RangeStatus

ter
FregFilter : Off

190.75, " 221.18.

Urms1 ‘
B. Experiments on Output Characteristics
I'rms1 Irms2
In this section, output power, transmission efficiency, and 41 . 1 3 A 33-48 A |
misalignment tolerance are measured. First, the optimal load P1 | P2 {
corresponding to the maximum efficiency is calculated as (7). 7 1 08kw 6'74kw
A resistor of 6.8 €2 is selected. It is found that the output power ut ‘ 85.655“42 " 94.782 % l

meets WPT?2 requirements and the maximum transmission effi-
ciency can realize 95%, as shown in Fig. 29. The waveforms of ~ Fig. 29. Output power and transmission efficiency (using the optimal load).
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the inverter output voltage/current and the load voltage/current
are shown in Fig. 30. The inverter output voltage and current
are in phase, which implies that the reactive power is almost
eliminated.

Second, to simulate the voltage range of the real batteries
(250-420 V), the load resistance is changed to 10 . The
influence of the air gap and offset are investigated. When the air
gap varies from 140 to 210 mm, the transmission efficiency is
recorded and plotted in Fig. 31. The calculated value is obtained
by (2). From Fig. 31, it is found that the transmission efficiency
declines with the increased air gap. The difference between the
calculated value and the measured one may be caused by the
internal resistance of the capacitor and the core loss.

Third, the transmission efficiency is measured when the coils
are misaligned. Since this article concentrates on the coupling
coefficient improvement for the misaligned coils, Fig. 32 de-
picts the trend of the transmission efficiency versus offset. X
offset has a great influence on efficiency, whereas the efficiency
remains stable against Y offset. Compared with the standard
coil, the transmission efficiency of the optimized coil is higher,
no matter in which direction the offset occurs. The abovemen-
tioned results prove the misalignment tolerance is improved after
optimization.

Through the abovementioned experiments, it can be con-
cluded that after optimizing the structure of the DD coil, the
transmission efficiency and misalignment tolerance are im-
proved simultaneously compared with the standard coil. EMF
shielding performance will be verified below.
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Test points in the experiments.

C. Validation of the Proposed Shielding Method

As illustrated in Section II-C, flux leakage in the defined
regions needs to meet the ICNIRP guideline. A series of test
points are chosen, as shown in Fig. 33.

At these test points, the flux density in the frequency band
from 60 to 100 kHz is obtained, as shown in Figs. 34 and 35,
respectively. Fig. 33 shows the flux density when the coils are
aligned and the air gap is the minimum. Since Narda EHP-200
consists of three magnetic induction coils placed orthogonal
to each other, the pink, green, and blue curve imply the X,
Y, and Z components of the exposed flux density we want to
measure, respectively. The rms value of the total flux density is
calculated and shown by the purple curve. The maximum value
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of 23.022 uT appears at test point 3, which implies that the
system satisfies the ICNIRP guideline.

With the maximum offset, Fig. 35 implies that the exposed
flux density is higher, and the maximum value increases to about
25 uT. Refer to the ICNIRP guideline, the security of the system
is still guaranteed.

In conclusion, the DD coil designed in this article has two
characteristics.

1) Within the same offset range, the decline of the coupling
coefficient is slower. The trend of the transmission effi-
ciency is consistent, which means that the misalignment
tolerance of the designed coil is improved.

2) The exposed flux density at all test points is less than 27
1 Trwvs, which means the system is safe.

VI. CONCLUSION

This article proposes a design method of the DD coil for high
misalignment tolerance and effective EMF shielding. Referring
to the WPT2/Z2 DD coil recommended in SAE J2954, the coil
parameters, including the length—width ratio, the coverage, and
the overlapping are redesigned. The design makes the decline
of the coupling coefficient against the offset slower. However, it
is found that the EMF emissions exceed the limit. Therefore,
the middle part of the Tx coil is designed to be depressed,
and the E-shaped cores are applied. The proposed structure can
effectively reduce the flux leakage without a significant decline
of the coupling coefficient. In the experiments, the designed
WEVC system achieves an output of 6.6 kW at the maximum
transmission efficiency of 95%. The experimental results show
that the proposed structure not only performs well in terms of
the misalignment tolerance but also enables the EMF emissions
less than 27 puTrvs-
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