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Abstract—Wireless power transfer (WPT) is a developing
technology with the advantage of convenience and flexible
charging. SAE recommended practice J2954 defines typical size
and geometry with aluminum or ferrite plate shielding to limit
leakage electromagnetic (EM) fields for WPT with power levels
lower than 22 kVA from the input side. However, as the WPT
power goes up to 100- or 200-kW level, EM safety surrounding
the WPT becomes a critical concern. To address this oncoming
safety challenge, a novel ferrite shielding design is proposed in
this paper. Different misalignment scenarios in accordance with
definitions in SAE J2954 are also taken into consideration to
ensure EM safety under various operation scenarios. Simulation
results, which are preliminarily verified by magnetic field
measurements at 1.1 m from the center of the vehicle side coil
under 100 kW operation, indicate that the magnetic field leakage
can be maintained below the limits defined in SAE J2954 for 200
kW operation. A 3.3 kW scale-down test was also carried out and
compared to parallel scale-down simulations. 26.8% field
emission reduction is observed from the scale-down test, which
supports the effectiveness of the proposed shielding design.

Keywords—wireless power transfer, inductive power transfer,
electric vehicle, electromagnetic field, ferrite shielding

I. INTRODUCTION

Wireless Power Transfer (WPT) or inductive power
transfer (IPT) promises convenient, autonomous, and highly
efficient charging of electric vehicles (EVs) [1]-[4]. SAE
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recommended practice J2954 [5] defines typical size and
geometry with aluminum or ferrite plate shielding to limit
leakage electromagnetic fields, which works well for WPT
with power levels up to 22 kVA from the input side. However,
as the WPT power increases to 100 or 200 kW level [6]-[8],
electromagnetic (EM) safety in regard to human health
surrounding the WPT becomes a critical concern [9], [10].

Numerous existing investigations of WPT coil pad designs
and optimizations have mainly focused on improving power
transfer efficiency and tolerance of misalignment [11]-[14]. In
terms of suppressing leakage magnetic field, a bipolar pad with
appropriate energization was used to control field emission
under misalignment condition in [15]. Several shapes of
ferrites together with auxiliary cancellation winding designs
were proposed to actively mitigate leakage flux [16]. A hybrid
shield consisting of a thin aluminum plate and a copper shield-
ring was presented to improve shielding effectiveness [17].
Magnetic field patterns with different coil pad structures were
compared in [18]. These methodologies are effective solutions
to mitigate field emissions of WPT systems with operational
power less than 22kVA. But, aiming at 200 kW WPT
integrated into a light-duty EV (LDEV), advanced shielding
solutions are required to ensure electromagnetic safety.

This paper presents a novel shield design for a 200 kW
WPT system which is going to be integrated into an LDEV.
EM safety standards and challenges, shielding considerations,
design details, and simulations are presented in the following
sections. Laboratory scale-down tests are also carried out with
a 33kW WPT system, which preliminarily validate the
shielding effectiveness. Given the different technical features,
this paper focuses on a high-power WPT for LDEVs; and the
discussion of HDVs (e.g., trains, buses) [19]-[21] is beyond the
scope of this paper.
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II.  MAGNETIC FIELD SAFETY CHALLENGE FOR HIGH
POWER WIRELESS POWER TRANSFER

A. Standards and Criteria Definitions

SAE recommended practice J2954 entitled “Wireless
Power Transfer for Light-Duty Plug-In/Electric Vehicles and
Alignment Methodology” [5] defines the electromagnetic field
(EM) emission regions for LDEV, as shown in Fig. I.
According to [5], magnetic and electric fields on boundaries
between region 1 and 2, as shown in Fig. 1 (a), should comply
with International Commission on Non-lonizing Radiation
Protection Guidelines 2010 (ICNIRP 2010) [22]. For LDEV,
the distance from boundaries to the coupler center is defined as
0.8 m, which is derived from the width of a 1.6-m wide
compact LDEV [5]. The direction for these criteria are along
the y-direction, as shown in Fig. 1 (b) based on [5] in
accordance with ISO 4130 [23]. In this paper, all magnetic
field simulation curves versus distance to the center of coils are
along y-direction. Also, only stationary WPT is investigated in
this paper. Dynamic WPT for in-motion charging is not
discussed here since the current EM safety criteria from SAE
J2954 are for stationary charging only, and the criteria for in-
motion charging is still under discussion [24].
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Fig. 1. Definition of magnetic field emission limitations for LDEV in SAE
J2954. (a) regions and limits (b) directions [5].

ICNIRP 2010 defines the permitted exposure for both
electric and magnetic fields. For WPT in the frequency range
between 3 kHz and 100 kHz, allowed exposure level is 27 uT
for magnetic field and 83 V/m for electric field. According to a
recent published test and evaluation from 25 kW WPT, electric
field generated by WPT is typically less than 10% of the
required limit 83 V/m [25]. Therefore, the magnetic field
constraint is the main consideration. This study specifically
focuses on magnetic field, while electric field is beyond the

scope of this paper and will be investigated in the future work
for the 200 kW power transfer condition.

B. Challenges

As the WPT power goes up, electromagnetic safety
surrounding the WPT becomes a critical concern for both
human health and environment protection. SAE J2954 [5] also
defines the recommended shielding design by utilizing
aluminum plate with a dimension of 800 x 800 x 0.7 mm or
larger for WPT up to 11.1 kVA. For WPT around 20 kW,
ferrite backing plate shielding is the main solution [26].
However, for power level higher than 100 kW, or even up to
200 kW, ensuring electromagnetic safety with the constraints
of LDEV space limitation is an emerging challenge. Table 1
summaries typical shielding designs with different power
levels [10]. WPT1 to WPT4 based on the input power from the
grid in kVA units as well as relevant typical shielding solutions
mentioned in Table I are in accordance with definitions in
recommended practice SAE J2954.

TABLEI[5],[10]
TYPICAL PASSIVE SHIELDING SOLUTIONS FOR WPT WITH DIFFERENT POWERS

Shielding Impact on

Power material efficiency Weight/ size
3.7kVA (WPT1) aluminum plate low low
7.7 kVA (WPT2) aluminum plate low low
11.1 kVA .
(WPT3) aluminum plate low low
. very low .
22 kVA (WPT4 ferrite plat di
( ) errite plate (<1% reduction) medium
1
22-120 kVA ferrite plate Very oW medium

(<1% reduction)

As a typical example of high power WPT, an 100 kW WPT
system, with parameters referring to [6], [8] as shown in Table
I1, is adopted here to present the magnetic field increases along
with the increasing power levels. A three-dimensional (3D)
finite-element model developed in COMSOL is utilized for this
simulation. Note that the “DD” type coil mentioned in Table II
is also consistent with definition in SAE J2954 and references

(6], [8].

TABLE II
100 KW WPT COIL PARAMETERS

Quantity Value [unit]
Resonant frequency 22 [kHz]
output power 100 [kW]
ground-side current 177 [A]
vehicle-side current 171 [A]
turns of ground or vehicle-side coil 8
air-gap 125 [mm]
external dimension 825%609%33mm
coil type DD

shielding design backing ferrite

Fig. 2 [10] presents the simulated magnetic field results
versus distances to the center of coils along y-direction
mentioned in Fig. 1(b) with a transferred power from 100 kW
to 350 kW. A measured magnetic field result of 21.64 uT at
I.Im is also presented as a preliminary verification of



simulation models. In Fig. 2, with an increase of power from
100to 350 kW, the magnetic field increases significantly.
Taking the distance of 0.8 m as the criteria that was discussed
previously in subsection II. A, the magnetic field emission with
100 kW or higher power already exceeds the magnetic field
limitation of 27 uT according to ICNIRP 2010 [22] if no
further field shielding method is utilized.
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Fig. 2. Magnetic field magnitude versus the distance to the center of coils
with operated powers from 100 to 350 kW [10].

III.  WPT FEATURES, EQUATIONS AND EM SAFETY
CONSIDERATIONS

A. WPT Circuit and Equations

Active
Verid Front
) End
(AFE)
and PF
Comp

=
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Fig. 3. (a) The example 100 kW wireless power transfer circuit schematic,
and (b) resonance circuit and coil system (RCCS) equivalent circuit.

Fig. 3(a) shows the example 100 kW WPT circuit with
parameters referring to [6], [8]. It consists of grid voltage input,
active front-end rectifier with power factor correction, ground
side high-frequency inverters, resonance circuit and coil
system (RCCS), vehicle side rectifier, and battery load. For
RCCS, the equivalent circuit is shown in Fig. 3(b), where v, i,,
Co, Ry, and L, present the ground side voltage, current,
compensation capacitor, coil resistance, and coil self-
inductance; v, i, C, R,, and L, present the vehicle side
voltage, current, compensation capacitor, coil resistance, and
coil self-inductance. In Fig. 3(a), V, is the vehicle-side DC
output voltage and M the mutual inductance between ground-

and vehicle-side coils. The DC load Z; in Fig. 3(a) can be
transferred to AC side equivalent resistor Zj,. in Fig. 3(b) as
below [27], [28],

8
ZLac = ;ZO (1)

Similarly, v, can also be given as:

2v2
vy ==V 2
Circuit equations based on RCCS equivalent circuit shown
in Fig. 3(b) can be given by:

v, = (ijg + i + Rg) i, — joMi, (3)
joMi, = (ij,, + ]w#c +R,+ ZLM) i, (&)

where the mutual inductance M is given by:
M = kL,L, (5)

where k is coupling coefficient typically between 0.1 to 0.5
owing to the loosely coupling [29].

Considering the resonant circuit, Ly, L,, C,, and C, are in
resonance at the angular frequency w, which meets the
following equations:

=0 (6)

, 1 ,
Jwolg + 55 = jwoly + 500 =

Assuming that R, is negligible compared to Z;,,., the output
power on the vehicle side can be written as:

Py = v,l, = wMIyl,singg, @)

where I, 1, are the RMS values of the ground- and vehicle-side
currents, respectively; and sing,, is the power factor on the
vehicle side. Noting that there are also many other advanced
compensation power electronics topologies different from
Fig. 3(a) (e.g., LCC-LCC circuit), but Eq. (7) is still applicable
as a general equation considering the electromagnetic to
electric energy conversion regardless of specific circuit
topologies. Ideally, when the vehicle side resonant circuit is
fully compensated, as shown in Eq. (6), the power factor in
Eq. (7) equates to 1.

B. EM Safety Considerations

To ensure EM safety, magnetic field emission must be
considered, which comply with recommended practice SAE
J2954 [5] (0.8 m distance criteria) and ICNIRP 2010 [30]
(27 uT magnetic field criteria), respectively, as mentioned in
previous subsection II. A.

Misalignment is another critical concern which makes EM
safety issues even more challenging, as discussed in [10].
SAE J2954 also defines the allowed maximum misalignments



between ground- and vehicle-side coils, which should be no
more than 75 mm in x-direction and no more than 100 mm in
y-direction (x and y-directions defined in Fig. 1(b)), with length
of coils (if applicable) specified along the travel direction [5].
To ensure EM safety, the worst case of maximum
misalignment is taken into account in this paper.

This study focuses on ferrite plate shielding, which leads to
losses. However, due to the high ferrite resistance, eddy current
losses within ferrite materials are typically quite low at
operating frequencies of 10 kHz to 100 kHz [31], [32].
Therefore, no specific ferrite shape design is discussed here for
the purpose of mitigating eddy current, and the ferrite loss is
mainly determined by ferrite’s own characteristics as well as
the operating power.

Integrating shielding into the WPT system leads to changes
in the self-inductances and the mutual inductance. To ensure
maximum power factor according to Egs. (6) and (7),
compensation capacitors on both ground and vehicle sides need
to be re-tuned after shielding is integrated. For light-duty EV
application, weight and size should also be minimized for a
compact coil design.

IV. “WING” TYPE SHIELD DESIGN
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Fig. 4. Energy conversion process of WPT.

Based on the energy conversion mechanism of WPT, the
grid side electric energy is converted to electromagnetic energy
first, and then converted back to electric energy on the vehicle
side to charge the batteries, as shown in Fig.4. The
electromagnetic energy exists in the form of 3D magnetic
fields generated by ground- and vehicle-side coils. Assuming
the coupler losses, which consist of copper and ferrite losses in
both ground side and vehicle side, are identical on the ground
and vehicle sides, the energy conversion process can be written
as,

Egria = Eg + 0.5Ecoup + Epag (®)
Emag =E, + O-SEcoup + Epat ©

where Eg g, Eqg, and Ey,, present the energy from grids, the
one stored in magnetic field, and the one goes to battery; E,,
E,, and E,, are ground side circuit, vehicle side circuit and

coupler energy losses, respectively.

Magnetic energy distributed in a 3D space can be
calculated as:

1 B2
Emag = Eﬂlfglobalrdv (10)

where global means that the integration must be implemented
in the whole space where magnetic flux exists; u is the
permeability of different materials in the proposed integration
elements; and B is the relevant magnetic flux density
magnitude in the same integration elements as x.

Theoretically, for a given WPT system with a certain
output power requirement and a certain loss percentage of the
total energy, E,. is also a fixed value as described in Egs. (8)
and (9); regardless of coils or ferrites shape. Hence, the
strategy of shielding design in this paper is to shape the field
and centralize field distributions as much as possible, so that
the field density increases in the center and its leakage at 0.8 m
decreases given a fixed total amount of electromagnetic
energy, as shown in Fig. 5.

Field centralized

7 .. Magnetic field
K \ via shielding

/ \ Shielding

Shielding

Fig. 5. (a) Magnetic field distribution without shielding and (b) field
centralized after shield applied.

Fig. 6 presents the proposed shielding design process for a
high power (100-200 kW level) WPT application, including
the proposed design (Fig. 6(¢)). Fig. 6(a) presents the example
120 kW WPT coils and shielding design with geometry
parameters referring to [6], [8]. To centralize fields and reduce
emission, ferrite teeth are added on the edges of both ground
and vehicle side backing ferrites, as shown in Fig. 6(b) and (c).
To ensure EM safety in the case of misalignment, as defined by
SAE J2954 [5] and discussed in Subsection III. B, back ferrites
are extended as shown in Fig. 6(d). Due to the anisotropy field
distribution created by DD coils, back ferrites are further
designed with extension only in y-direction for size and weight
consideration, shown in Fig. 6(e) as the proposed shielding
design. Since the shielding appears as a “wing” in shape, it is
called “wing” type shielding design in this paper. Relevant
effectiveness, impact, and sensitive analysis are discussed in
the following sections.

Back ferrite

(2)



(b)

Full wrap around teeth

©

Back ferrite extended

(d

Only Y direction extended
(Proposed solution)
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Fig. 6. Proposed shielding design for high power WPT applications. (a)
Original back ferrite shielding, (b) interval teeth added, (c) full wrap around
teeth added, (d) back ferrite extended for misalignment tolerance, and (e)
proposed design for stationary high power WPT.

V.  EFFECTIVENESS, IMPACT AND SENSITIVE ANALYSIS

A. Shielding Effectiveness without Considering
Misalignments

To reduce magnetic field emission, a novel “teeth” design,
as shown in Fig. 3(b), centralizes the field and suppresses
emissions. 3C95 Ferrite from Ferroxcube is the preferred
ferrite shielding material in this study due to its high resistance
(5 Q'm) in mitigating eddy current losses and high relevant
permeability (3000 at 25[7) in conducting magnetic field.

There might be an obvious concern with this “teeth” type
shielding design that the “teeth” actually reduces the magnetic
distance [5] between ground and vehicle-side coils. Therefore,
to minimize the impact on reducing magnetic distance, the
z-direction height of teeth is carefully selected. Referring to

[6], [8], 2AWG Litz wires are utilized to wire the single layer
DD coil with a wire diameter of 11.2 mm. Considering the
amount and dimension availability of ferrite plate,
38x25x3.8 mm ferrite plates are selected to fabricate the
“teeth” with 25 mm in z-direction. Assuming the original air
gap as shown in Fig. 6(a) is 125 mm, referring to [6], the
magnetic distance is reduced from 125 mm to 97.4 mm after
“teeth” added, which is still acceptable for prototype level
development.

Fig. 7 presents the simulated magnetic field suppression
comparison between back shielding and teeth shielding. The
blue line in Fig. 7 is a baseline with 100 kW operation power,
which is preliminarily verified by one-point magnetic field
measurement at 1.1 m. From 100 kW to 200 kW, magnetic
field at 0.8 m increases from 37.2 uT to 52.6 uT, which are
both above the 27 limitation of the ICNIRP guideline. After
interval or full wrap around teeth are added, magnetic field
emission reduces significantly to 24.3 uT and 16.3 uT, which
are below the ICNIRP 2010 exposure limit.

o — T T y
F —— 1: Back shielding, 100 kW E
n ~— 2: Back shielding, 200 kW b
~ F i
& | —— 3:Interval teeth shielding, 200 kW ]
P —— 4: Full wrap around teeth shielding, 200 kW
'g —— 5: Limits from ICNIRP 2010 (27 uT)
=107 3
£ = B
s F B
s F ]
E - 4
s f ]
s | ]
3=
2 107
S 10°F
2 F
2 F
% F
§ F
10°F E
& . . . . : =
0 0.2 04 0.6 0.8 1 12
Distance to the center of coils (m)
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Fig. 8. Sensitive analysis with different teeth dimensions.

To understand teeth dimensional impacts on shielding
effectiveness, sensitivity analysis simulations are conducted
with different teeth thicknesses in full wrap around or a 50%
interval partition teeth shielding, as shown in Fig. 8. The line
No. 2 and No. 5 in Fig. 8 are two baselines with 10 mm
thickness teeth shielding, which are aligned with the red and
light blue results shown in Fig. 7. It is observed that the
effectiveness of suppressing stray magnetic field is almost a
linear reduction from 50% interval teeth shielding to full teeth



shielding, along with similar linear reduction trend in terms of
different teeth thicknesses. In terms of weight/size
consideration aspect, adding 10 mm teeth only increases the
weight by 4.2% - 8.4% compared to typical back shielding,
which also makes it beneficial for practical applications despite
of an acceptable reduction in magnetic distance between coils.

B. Shielding Considering Misalignments

SAE J2954 defines the allowed maximum misalignments
between ground and vehicle coils, as mentioned in Subsection
III. B [5]. In case of maximum misalignments, magnetic field
emissions drastically increase.

3-D electromagnetic simulation has been carried out to
analyze the magnetic field distribution with and without
misalignments, as shown in Fig. 9, with parameters still
referring to Table II. The rainbow color slice presents magnetic
field distribution in the middle x-y plane, and the 3-D flying red
arrows represent the direction and magnitude of magnetic
fields in a nearby 3-D volume. Comparing Fig. 9(b) to (a), it is
obvious that misalignment does lead to an obvious field
distortion. The original magnetic field distribution without
misalignment shown in Fig. 9(a) is fully symmetric in x-y
plane, but it tends to distort in an “L” shape towards the
misalignment direction shown in Fig. 9(b), which significantly
changes the field shape, stray field, and the maximum field
magnitudes.

misalignment_x=0, misalignment_y=0 Slice: Magnetic flux density norm (T) Arrow Volume: Magnetic flux density

Aligned (0, 0)

misalignment_x=0.075, misalignment_y=0.1 Slice: Magnetic flux density norm (T) Arrow Volume: Magnetic flux density
Misaligned (75mm,100mm)

(b)

Fig. 9. 3-D magnetic field distribution (a) without misalignment and (b) with
maximum misalignment.

Assuming that the coupling factor’s reduction due to
misalignment is negligible which is the ideal case for power

transfer but the worst case for EM safety theoretically (EM
safety won’t be a concern if the coupling factor reduces to 0),
Fig. 10 presents the magnetic field along y-direction with
different misalignments. Noting that 0 distance center in
Fig. 10 is always aligned with vehicle-side coil center
according to the definition in SAE J2954 [5]; this misalignment
leads to dissymmetric field distributions along y-direction. The
light blue line No. 4 in Fig. 10 is a baseline which is aligned
with the blue result shown in Fig. 7. Considering the
theoretically worst case for EM safety design where the
coupling factor won’t reduce with misalignments,
misalignment increases magnetic field significantly from
37.2 uT to 70.2 uT at 0.8 m when operated at 100 kW.
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Fig. 10. Magnetic field along y-direction with different misalignments.

Fig. 10 also indicates that stray magnetic field along
y-direction is more sensitive to y-direction misalignment
instead of x-direction misalignment, especially with DD coils
which creates an anisotropic field distribution. Hence, to
suppress misalignment’s impacts, additional y-direction extend
in back ferrite is adopted, as shown in Fig. 6(e). Fig. 11
presents the shielding effectiveness comparison with and
without y-direction back ferrite extension, where the blue is a
baseline that is consistent with the light blue result in Fig. 7.
Comparing the green line and red line in Fig. 11, y-extension
significantly reduces the field emission from 41.0 uT to
23.8 uT at 0.8 m, which is now under the limits based on
ICNIRP 2010. The y-extension utilized here is 150 mm
compared to 609 mm original width of back ferrite. The total
weight increasement including teeth and back ferrite extension
is 28.9% compared to original 825x609x20 mm ferrite [6],
which is still acceptable.
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Fig. 11. Magnetic field suppress effectiveness along y-direction with
maximum misalignments and 200 kW operation.

VI. SCALE-DOWN TESTS

Scale-down experiments with the available 3.3 kW WPT in
the lab are carried out to test the shielding effectiveness with
50% interval teeth. A series of magnetic field points from
400 mm to 1 m away from the coils’ center are measured with
the proposed interval teeth shielding and baseline back ferrite
shielding. A precise magnetic field measurement platform
consists of servo-motors, a non-metallic platform, positioning
system, Hioki magnetic field probe, and Labview data
acquisition system is utilized to measure the field distributions
and test the effectiveness of the shielding, as shown in Fig. 12.

Fig. 12. EM testing plarfom set up.

Fig. 13 presents the measured and simulated magnetic field
reduction with and without the proposed interval teeth
shielding. The 3.3 kW system utilizes smaller circular coils that
are different from the full-size DD ones mentioned in previous
analyses; therefore, the simulation model is also concurrently
adjusted to the size of the smaller tested coils as well as power
level. The adjusted scale-down simulation results shown with
red and orange lines in Fig. 13 match well with the measured
results despite some minor errors at 1 m due to 3-D mesh
quality reduction in far-field finite-element simulations. Based
on the test, magnetic field emission at 0.8 m reduces from 6.6
to 4.8 uT (26.9% reduction), which partially supports the
effectiveness of teeth shielding.

100

Back shielding (ineasured)
o e Interval teeth shielding (measured)
> ~—=Back shielding (simulated)
Interval teeth shielding (simulated)

Magnetic field magnitude (uT)
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Distance to the center of coils (mm)

Fig. 13. Measured and simulated results with and without proposed teeth
shielding.

VII. CONCLUSION AND DISCUSSION

A “wing” shape passive ferrite shielding for stationary high
power WPT is presented in this paper, which is designed to
ensure EM safety in case of maximum misalignments for
200 kW WPT operation. Simulation results indicate the
shielding effectiveness, which can maintain field emission
under limitations in accordance with SAE J2954. Scaled down
in-lab test is also carried out with a 3.3 kW WPT system.
26.9% field emission reduction is observed with interval teeth
shield added based on test results, which also supports the
effectiveness of the proposed design.

Currently, the in-lab EM scan testing platform is under
improvement at Idaho National Laboratory to perform EM
safety evaluations in misalignments scenarios, larger coupler
sizes as well as higher operation powers. A 200 kW dynamic
WPT hardware device integrated with LDEV is also under
development, which is led by Oak Ridge National Laboratory,
in partnership with Idaho National Laboratory. The goal is to
achieve real in-motion/ stationary 200 kW WPT for LDEV
while ensuring EM safety during charging. Future work will
include DD coil EM testing, power electronics circuit design,
and overall WPT system operation.
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