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Aiming at eliminating the leakage of magnetic fields from the wireless power transfer (WPT) system, the structural and working
characteristics of the WPTsystem for the inspection robot are analyzed and an electromagnetic shielding method combining passive
shielding and active shielding is proposed in this paper. Firstly, we simulated the magnetic field distribution of the WPT system in
Maxwell. Secondly, passive shielding is configured in theWPTsystem, and the material, size, and position of the passive shielding are
studied. ,en, we add active shielding to areas where passive shielding cannot achieve a good shielding effect. Based on the analysis
and summary of the two methods, we shield the WPT system in the horizontal direction with the appropriate size and distance of
aluminum plate, and in the vertical direction, we use the active shielding coils. Simulation and experimental results show that the
scheme only slightly reduces the transmission efficiency of the system (from 80.2% to 77.6%), but the shielding ability is 34.06%
higher than that of only aluminum plates. ,e excellent effect of the proposed shielding method is verified in our experiment.

1. Introduction

,e traditional wired charging technology is still the main
way of power transmission at present, and the power
transmission is realized by the physical connection of plug
and socket. However, it also has a variety of problems, such
as safety problems caused by abrasion and aging, the in-
convenience of charging portable electronic equipment and
implantable medical equipment, and the danger of power
transmission in mine and underwater working environ-
ments. Wireless charging technology, as a new power
transmission mode, can effectively realize noncontact power
transmission and meet the needs of safety, efficiency, and
convenience in some specific scenarios.

Because the WPT system needs to use the magnetic cou-
pling mechanism to transmit energy with the high-frequency
magnetic field (MF), the electromagnetic radiation problemwill
bring panic to the public and even a real security threat [1–3].

Inspection robot is the product of power system auto-
mation in recent years. Its working environment is complex.
,e traditional charging mode of the power supply line and
electric shock occupies its working time and reduces pro-
duction efficiency. ,e wireless charging strategy allows the
inspection robot to complete the inspection task along a
specific track and replenish electric energy. However, the
inspection robot will have an adverse effect on the elec-
tromagnetic environment during wireless charging, so it is
necessary to design a shielding method for the WPTsystem.

Passive shielding is a common electromagnetic shielding
strategy. Passive shielding refers to the optimization of the
magnetic channel by using the magnetic conductivity of
magnetic materials or the formation of reverse MF by eddy
current produced by conductive metal materials in high-
frequency MF, so as to suppress the leakage of MF [4–6].
Attaching an aluminum (Al) plate to the transmit (Tx) coil
and/or the receive (Rx) coil is the most prevalent measure,
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which exploits the eddy current induced in the high-con-
ductivity metal to block the leakage field. For stationary
electric vehicle (EV) wireless charging applications, re-
gardless of whether the coil structure is a basic circular pad
[7], DD pad [8, 9], DDQ pad [10], or even bipolar pad [11],
the Al-plate passive shielding [12–14] is widely used.

Active shielding is relatively novel, but it can also play a
good shielding effect in the WPTsystem. In some cases with
a large air gap, the leakage MF in the horizontal direction
cannot be ignored. ,e suppression coil with excitation
source produces the offset MF opposite to the original MF to
clear or weaken the leakage MF [6, 15–17]. ,e shielding
effect is obvious in a dynamic wireless charging system, but
this method is unfavorable to the overall efficiency of the
system, so it is necessary to design a suitable shielding
scheme [18, 19].

Previous studies to reduce the EMF by using ferrite tile
or another material to cover the WPT system are heavy and
cause additional costs [20]. And those works by using
shielding coil lack experimental verification usually [21, 22].
Moreover, the coil form of the WPT system is limited to flat
type in previous works, and the research on electromagnetic
shielding of I-shaped WPT system is lacking. In this paper,
we use Simplorer and Maxwell to conduct a field-circuit
cosimulation for the WPT system at first. On this basis, the
corresponding shielding scheme is designed according to the
magnetic field distribution characteristics of the primary
side and secondary side, and the advantages of passive and
active shielding in the scheme are fully utilized. Afterward,
the position, material, and size of the shielding device are
discussed and optimized. Our research shows that the
vertical shield at the receiving side is more favorable to
reduce the magnetic field around the system, and the active
shielding coil is better than the aluminum plate in the
vertical direction. ,e simulation and experimental results
show that the method can effectively reduce the adverse
effects on the electromagnetic environment during the
working process of the magnetic coupling mechanism and
ensure the working efficiency of the system.

2. Magnetic Coupling Mechanism of the
Inspection Robot

2.1. Selectionof theSecondaryCoil. According to the working
characteristics of the slow-moving inspection robot, its
resonant coil should be designed in accordance with the
requirements of dynamic wireless charging. ,e secondary
coil is located under the robot chassis. Due to the limited
installation area of the robot chassis, space must be used as
much as possible, and the skin effect, eddy current effect,
magnetic saturation, and other factors must be fully con-
sidered to obtain a higher coupling coefficient and trans-
mission efficiency. For the selection of resonant coils, there
are more research studies on the flat circular, E-type
magnetic core skeleton, double D type, and so on [13]. ,e
flat circular shape is used as the secondary side although it
can be charged efficiently under ideal conditions facing the
primary side, but considering that the installable area of the
actual inspection robot is a rectangular space of about

300mm× 150mm, the design size of this shape will be
limited and the charging effect will be greatly reduced. As the
secondary side, the E-shaped core frame can be designed to
be rectangular with multiple windings. ,e core frame used
can also improve the antioffset ability of the coil, but the
structure is bulky and difficult to flatten the design. Double
D type is formed by two circular coils connected in reverse
series, generating MF in opposite directions. Figure 1 shows
the effect diagram of different winding methods on the
secondary side. Compared with the other two coils, double D
winding is lighter and has a larger coupling coefficient and
stronger antioffset ability.

2.2. Selection of the Primary Coil. As to the primary side of
the dynamic wireless charging system, early studies have
adopted the long rail type and the segmented rail type. ,e
long rail type is characterized by its simple coil structure, but
it is restricted by the length of the rail when designing the
size, number of turns, and self-inductance. It is not flexible
enough and is not suitable for scenarios with long charging
lines. Segmented guide rails make up for the shortcomings of
long guide rails, and the combination method is flexible, but
each part requires independent compensation devices and
switch control strategies, and the system is more compli-
cated and costly.,is paper adopts the primary coil layout of
the I-shaped magnetic core skeleton shown in Figure 2. ,e
two magnetic cores are a set, the Litz wire is wound on the
skeleton clockwise and counterclockwise in the driving
direction, and the size and winding method of the secondary
side are the same. Correspondingly, this double-magnetic-
pole coupling mechanism has the following advantages:

(1) ,e coils on a single set of magnetic poles are ar-
bitrarily superimposed within the range of the
magnetic pole height, which can increase the in-
ductance and improve the vertical transmission
capacity

(2) Since the primary coil needs to be buried below the
ground, the H-shaped coil has a narrow width, which
is beneficial to reduce the track excavation width

(3) It has the characteristic of modularization, con-
necting multiple groups of primary coils with wires,
which can extend the inspection path and facilitate
troubleshooting

(4) ,e adjacent magnetic poles wind in opposite di-
rections so that the polarity of the magnetic in-
duction intensity B of each pole is reversed according
to the current direction. ,erefore, the main mag-
netic flux circulates between the nearest poles to
form a closed MF and reduce the leakage MF around
the power rail

2.3. Analysis of the Equivalent Circuit. According to the
different numbers and composition modes of resonant
capacitors and inductors, the tuning circuit of the wireless
charging system can be divided into four basic resonant
topologies and six composite topologies. Among them,
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the series-series (SS) compensation topology is simple in
structure and convenient in parameter design. It is
suitable for the voltage type system in this study. ,e
impedance model of the compensation structure is shown
in Figure 3.

Lp and Ls are the inductances of the primary coil and
secondary coil; meanwhile, Cp and Cs are the resonant ca-
pacitances of Lp and Ls. Rp and Rs represent coil resistances.
Because of the large transmission air gap, the primary and
secondary sides are weakly coupled, and the secondary side
is reduced to the primary side in the form of reflected
impedance.

2.4. Simulationof theMagneticCouplingMechanism. We use
the finite element simulation software ANSYS to simulate
the ideal working environment of the system. Figure 4
shows the situation where the primary coil and the sec-
ondary coil are completely aligned. ,e charging guide
line is long, and only a small section is selected for
modeling. According to the robot’s chassis size, launch
track size, and transmission requirements, the selected
resonant coil parameters are as follows: the number of
turns of the double D coil on the secondary side is
24mm × 2mm; using the dense winding method, the total
length is 300mm; the total width is 150mm; the trans-
mitter side is H type. ,e number of turns of the coil is
16mm × 2mm, and the dense winding method is also
adopted. ,e total length is 300mm, the total width is
100mm, and the total height is 55mm; the closest air gap
between the primary side and the secondary side is 50mm.

We select a horizontal observation line 1 which is 50mm
above the secondary side with a length of 300mm and a
vertical observation line 2 which is 50mm to the right of the
secondary coil and 200mm above the ground for obser-
vation (the plane with Z� −50mm is specified as the
ground). Because there are communication, control, and
other hardware equipment 50mm above the secondary side,

there may be electrical equipment being inspected and
maintenance workers 50mm to the right of the secondary
side. ,ese areas need to be protected. In addition, a hor-
izontal observation line 3 with a length of 125mm is set on
the right side of the primary coil, which is used to grasp the
spread of the MF above the ground. Observing the distance
from the resonant coil can ensure that there is no electro-
magnetic interference. Using Simplorer and Maxwell to
conduct field-circuit cosimulation, when the magnetic
coupling mechanism is under the rated operating conditions
of 2 kW and 85 kHz, the simulation results of each obser-
vation line are shown in Figure 5. According to ICNIRP
[23, 24], the magnetic induction intensity in the nonworking
area of the magnetic coupling mechanism seriously exceeds
the standard, and shielding measures are needed to reduce
the magnetic induction intensity in the designated area to
the limit of 27 μT.

(a) (b) (c)

Figure 1: Effect diagram of different winding methods on the secondary side. (a) Flat circular winding. (b) Double D winding. (c) E-type
core skeleton winding.

Figure 2: Effect diagram of I-shapedmagnetic core skeleton coil on
the primary side.
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Figure 3: Impedance model of SS type compensation structure.
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Figure 4: Simulation model of wireless charging magnetic cou-
pling mechanism.
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3. Passive Shielding

3.1. Passive Shielding Mechanism. ,e wireless charging
system can be shielded by magnetic materials. Common
magnetic materials such as ferrite and iron-nickel alloy have
the characteristics of high permeability and high saturation
magnetic flux. ,e internal magnetic resistance is extremely
small, and the magnetic flux circuit will be guided. It is
possible to achieve the purpose of improving the MF dis-
tribution and weakening the local field strength through
magnetic materials.

,e alternating magnetic flux density B generated by the
resonant coil will induce an electromotive force in the
surrounding space, the induced electromotive force can
form an eddy current in the conductor, and a counteracting
MF will be generated to opposite to the original one. ,e
effect of eddy current is shown in Figure 6. Accordingly, the
eddy current can be used to reduce the leaked magnetic field.

3.2. Material Optimization of the Passive Shielding Device.
In order to analyze the shielding effects of different magnetic
materials, this paper selects iron-nickel alloy and ferrite
shields for simulation. We add iron-nickel alloy and ferrite
plates of the same thickness and same size 3mm above the
secondary side coil, and the magnetic induction intensity
cloud diagram of the YOZ plane is as follows. Compared
with the case without shielding in Figure 5, it can be seen
intuitively that the magnetic induction intensity value on the
upper and left sides becomes low, and the magnetic

induction intensity value of the magnetic coupling area
between the primary and secondary coils becomes high.

,e result in Figure 7 shows the shielding effect of the
two materials. On observation line 1 above the secondary
side, the ferrite shield plate represented by the blue curve
does not change the MF change law of the coupling
mechanism, while the iron-nickel alloy represented by the
red curve fully reflects its advantage of high magnetic
permeability. ,e level of magnetic induction on the ob-
servation line is greatly reduced. Considering that both
materials can achieve a good shielding effect, and the metal
nickel in the alloy shielding plate is more expensive, we
choose a ferrite shielding plate that is cheaper and has a
wider operating frequency range.
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Figure 5: MF distribution curve during normal operation. (a) MF distribution of the YOZ plane. (b) Distribution of observation line 1.
(c) Distribution of observation line 2.
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Figure 6: Eddy current effect.
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According to impact factors of the eddy current, when
the resonance frequency, shielding plate thickness, volume,
and relative permeability are the same, the conductivity
becomes the determining factor of the eddy current loss.,e
higher the conductivity, the stronger the induced eddy
current, and the more obvious the shielding effect. It is
important to note that for the resonant wireless charging
system, the intensity of the induced eddy current is closely
related to the resonant frequency. When the frequency is too
low, conductive metal materials cannot guarantee a good
electromagnetic shielding effect.

,rough simulation and comparison of the shielding
conditions of aluminum and SUS306 (stainless steel) plates,
it can be seen from Figure 8 that the MF in the coupling
region of the primary and secondary coils is weaker than
before shielding. Compared with the cloud image with
magnetic material, the MF in the coupling region is greatly
weakened. ,at is, when a metal material is used for
shielding, the induced eddy current can weaken the main
magnetic flux while canceling the leakage MF, resulting in
the reduction of the self-inductance, mutual inductance, and
coupling coefficient of the magnetic coupling mechanism.

It can be seen from the simulation results of the ob-
servation line that the shielding effects of the two metal
shielding plates at 85 kHz frequency are very similar, and
aluminum is the most abundant metal element in the earth’s
crust. It is cheap, light, and conductive. In addition, the eddy
current loss is only 0.48597W, which is much smaller than
the 2.288W in the stainless steel plate, so an aluminum plate
is selected as the metal material.

After understanding the mechanism of magnetic ma-
terials and metal materials as the shielding layer, we try to
combine the advantages of the two to form a composite
shielding layer. We place an iron plate directly above the
secondary side and then place an aluminum plate of the
same size close to the iron plate to obtain the following cloud
map distribution in Figure 9.

,e composite shielding layer combines the effects of
magnetic materials and metal materials, which not only
enhances the MF coupling between the primary and the

secondary coils and increases the coupling coefficient to
0.27593 but also reduces the leakage MF at the edge of the
secondary coil, and the overall shielding effect is better.

In Figure 10, all values at observation line 1 have been
reduced below standard, and the minimum value is 7 μT,
which is 42.3% of theminimum shielding value of aluminum
plate and 56.7% of the minimum value of ferrite shielding.
On the vertical observation line 2, the standard value of
magnetic flux density can be reached only 8.2mm above the
ground, and the exceeding range is 10.22% of the aluminum
shielding.

In order to minimize the number of shielding materials
andmeet the expected shielding requirements, it is necessary
to simulate and optimize shielding devices with different
thicknesses. According to the material selection above,
keeping the distance between the shielding layer and the
secondary coil constant, the simulation analysis of ferrite
plates and aluminum plates of different thicknesses is per-
formed, and the results are as shown in Figure 11.

For the ferrite shielding board, the thicker the thickness,
the more the MF lines pass through the board, the less the
magnetic leakage, and the better the shielding effect.
However, manganese-zinc ferrite is heavy. Considering that
its shielding effect has met the standard value of ICNIRP-
2010 when 2mm is considered, a ferrite plate of this
thickness can be used. ,e thickness has little effect on the
shielding effect of the aluminum plate. Choosing a 0.5mm
aluminum plate can ensure the shielding effect and save
material consumption.

3.3. Passive Shielding Position Optimization. On the one
hand, considering that the Mn-Zn ferrite may have magnetic
saturation, it is difficult to transport due to its brittleness and
fragility, and it is not suitable to be too large, etc.; on the
other hand, the magnetic induction intensity within the
specified observation range already dropped below the
standard owing to the ferrite, aluminum plates of different
thicknesses were placed in the existing position, the MF on
both sides of 33mm near the edge of the secondary coil still
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Figure 7: MF distribution curve in the presence of magnetic materials. (a) MF distribution of YOZ plane. (b) Distribution curve of
observation line 1.
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obviously exceeded the standard, and the MF within 80mm
on the ground did not fall below the safe value. ,erefore,
the use of an aluminum plate that is easy to cut should be
considered as much as possible for shielding, and the po-
sition of the shielding plate should be optimized.

3.3.1. Secondary Side Horizontal Shielding. Based on the
above conclusions on the shielding mechanism and thick-
ness optimization of the aluminum plate, we can observe the
relationship between the distance of the shield coil and the

coupling coefficient, eddy current loss, and magnetic in-
duction intensity of the system.

Table 1 shows the simulation data of the horizontal
aluminum plate in different positions. As the distance
between the aluminum plate and the coil increases, the
coupling coefficient between the coils increases signifi-
cantly, but at the same time, the shielding effect decreases
slightly. Taking into account the transmission efficiency
and shielding effect, 7 mm is selected as the distance
between the aluminum shielding plate and the secondary
coil.
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Figure 8: MF distribution curve in the presence of metallic materials. (a) MF distribution of YOZ plane. (b) Distribution curve of
observation line 1.
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Figure 9: MF distribution of YOZ plane in the presence of composite materials.
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Figure 10: MF distribution curve in the presence of composite materials. (a) Observation line 1. (b) Observation line 2.
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3.3.2. Vertical Shield on Secondary Side. ,e inspection
robot must move along the launching side track, so there is a
certain air gap between the secondary side and the primary
side. We choose aluminum plates with a length of 300mm
and a width of 20mm and install them, respectively, on both
sides of 20mm from the secondary coil, as shown in
Figure 12.

According to the simulation results, after installing the
vertical shield, the range of the MF below the safe value in
the space has not been significantly expanded. It can be seen
that the passive shielding method is not suitable for vertical
shielding on the secondary side of the magnetic coupling
mechanism.

3.3.3. Horizontal Shielding on the Primary Side.
Installing passive shielding devices on the primary side can
also weaken the local MF strength. We place a
300mm× 55mm aluminum plate horizontally on the
ground, keeping a distance of 40mm from the primary coil,
as shown in Figure 13.

On observation line 1 above the secondary side, the
range below the safe value of the MF is 233.4mm. On the
vertical observation line 2 beside the secondary coil, the
value of the magnetic flux induction drops to 27 μT, and the
range exceeding the standard value is 2.39% smaller than the
method with only the horizontal aluminum plate in the
secondary coil. On horizontal observation line 3 beside the
primary coil, the overstandard MF is also improved com-
pared to the situation where only the secondary side
shielding is applied.
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Figure 11: Shielding effect of different thickness plates. (a) Shielding effect of ferrite plates. (b) Shielding effect of aluminum plates.

Table 1: Simulation data of the horizontal aluminum plate on different positions.

Distance with the coils (mm) k Eddy current loss (w) ,e range over the standard (mm)
3 0.054414 0.53951 78
5 0.073893 0.48597 80.2
7 0.090421 0.46328 83.8
9 0.10493 0.44639 87.6
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Figure 12:MF distribution of theXOZ plane with vertical shielding
on the secondary side.
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Figure 13: MF distribution of the XOZ plane with horizontal
shielding on the primary side.

International Journal of Antennas and Propagation 7



3.3.4. Primary Side Vertical Shield. An aluminum plate is
placed vertically on the primary side, and the direction is
parallel to the direction of movement of the inspection
robot. ,e simulation results of the XOZ plane MF distri-
bution map are shown in Figure 14.

On the observation line 1 300mm above the secondary
side, there is almost no change in theMF distribution, but on
the observation line 2 on the right side of the secondary coil,
it drops to 27 μT at 80.2mm above the ground, and the
overstandard range is lower than that when only the hori-
zontal aluminum plate is added. On observation line 3 on the
right side of the primary coil, the area where the MF in-
tensity exceeds the standard is reduced by 8.31% compared
with only the horizontal aluminum plate. It can be seen that
this installation method can affect the distribution of
magnetic induction in a wide range above the ground be-
cause it restricts the diffusion of the magnetic induction line
to the surroundings on the primary side so that the direction
becomes upwards along the aluminum plate, which is more
directly related to the secondary coil. ,is method can also
improve the coupling coefficient of the system.

4. Active Shielding

4.1. Active Shielding 8eory. ,e difference between active
shielding and passive shielding is that passive shielding uses
conductive or magnetic materials to change the MF of the
leakage area, while active shielding uses the MF generated by
the energized coil to change the MF of the leakage area.
Among them, the current of the active shielding coil or the
magnetic flux formed by it should be at the same frequency
as the resonance coil and have a phase difference of 180°.
However, if the shielding coil is powered by an external
source, it is difficult to sense and control the frequency and
phase modulation process; on the other hand, it also reduces
the overall efficiency of the system. ,is paper uses a series-
type infinite shielding method, which can be used without
any external source. Under the circumstances, active
shielding is realized. ,e circuit impedance model is as
shown in Figure 15.

From Figure 15, by changing the active suppression coil
LSC with secondary side coil LSM, the relative position of the
MF is generated by the resonant coil LSM. ,e generated
leakage MF is the same frequency and opposite phase, but
the active shielding coil should be placed as far as possible
outside the normal coupling path of the resonant coil to
reduce the impact on the transmission effect. In order to
study the influence of the added active suppression coil on
the parameters in the original circuit, the current on the
primary side is reduced to the secondary side using the ideal
transformer rule, and the following ,evenin equivalent
circuit of the secondary side is shown in Figure 15(b).

Due to the existence of an active shielding coil, the
required matching capacitance becomes smaller. On the
premise of achieving the purpose of offsetting the leakage
MF, reducing the self-inductance Lsc of the suppression coil
can reduce the impact on the matching capacitance in the
original circuit. Based on this, we can optimize the structure
and position of the active shielding coil.

4.2. Position Optimization of the Active Shielding Coil

4.2.1. Horizontal Suppression Coil on the Secondary Side.
,e above optimized results of passive shielding show that
the MF values on both sides of the 33mm edge of the
secondary side coil still need to be reduced. ,erefore, two
horizontal suppression coils with opposite directions are
added above the secondary side aluminum plate to offset the
leakage MF on the left and right sides in different directions.

Figure 16 shows the connectionmethod of the horizontal
suppression coil in the simulation. ,ere is still a distance of
50mm between the secondary coil and the chassis of the
patrol robot. Here, the number of turns of the suppression
coil is tentatively set to 2. We change the height of the
suppression coil to obtain the magnetic induction intensity
change at the leftmost end of horizontal observation 1 above
the secondary side coil.

,e horizontal axis of Figure 17 represents the dis-
tance between the secondary coil and the active sup-
pression coil. It can be seen that before 14mm, the farther
the distance is, the better the shielding effect is. Afterward,
the shielding effect deteriorates because the influence of
the reverse MF generated by the suppression coil on the
observation point becomes stronger, which causes the MF
at the observation point to increase. ,e effect of the
number of turns of active suppression shielding effect is
discussed hereinafter.

,e result of Figure 18 shows that, within a certain range,
the active suppression coil is farther from the main magnetic
circuit; the more turns, the better the shielding effect. In this
structure, the increase in the number of turns has a little
effect on the MF of the lateral vertical observation line 2, but
it has a significant impact on the upper horizontal obser-
vation line 1. When the number of turns is 4, the 50mm
above the receiving side is below the national standard limit.
And its average value of 16.4 μT is 36.92% lower than the
26 μT of aluminum only. ,erefore, we choose 4 as the
number of turns of the suppression coil.

4.2.2. Vertical Suppression Coil on the Secondary Side.
Previous studies have shown that the passive shielding and
active horizontal suppression coils on the secondary side can
hardly affect the magnetic induction intensity on the side
observation line 2 of the robot, so we try to install a vertical
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Figure 14:MF distribution of theXOZ plane with vertical shielding
on the primary side.
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suppression coil shown in Figure 19 to improve the MF
distribution here.

In order to compare with the case of adding vertical
shielding on the secondary side in passive shielding, the
position, length, and width of the active suppression coil are
kept consistent with the previous aluminum plate, while
changing the number of the coil turns to suppress the
corresponding design optimization.

It is reported in Figure 20 that with the change of the
number of the active coil turns, the magnetic induction
intensity on observation line 2 is significantly reduced. With
3 turns, it can be guaranteed that all above 51.3mm on the
ground falls below the standard value. ,e shielding effect of

the vertical suppression coil under the same size is better
than that of the aluminum plate. ,erefore, it is more
suitable for small magnetic coupling mechanism
applications.

5. Experiment and Method Validation

5.1. Experimental Platform. Figure 21 shows our MF mea-
surement experimental platform. ,e frequency-tracking
high-frequency inverter power supply is selected, which can
provide 85 kHz rated working power.,e power supply does
not need to accurately input the signal of the specified
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Figure 15: Topology models of active shielding. (a) Impedance model of active shielding. (b) ,e equivalent circuit diagram.

Figure 16: Connection method of horizontal suppression coil.
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Figure 19: Connection method of vertical suppression coil.
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frequency and can be automatically adjusted to ensure that
the system is always in resonance. ,is can avoid the sit-
uation that the output power and efficiency of the system are
drastically reduced due to the shift of the resonance point
when the system structure changes.

,e resonant coil is wound according to the simulation
model parameters. ,e coil wire adopts Litz wire with a
specification of 0.2mm× 75mm strands, and the maximum
fluid resistance value is 8.856A. ,e wire diameter is 2mm
measured with a vernier caliper. ,e 75 strands of wires
inside the coil are insulated from each other. When the
current is applied, the stranded multistrand enameled wire
can effectively suppress the skin effect and reduce the wire
loss. ,e I-type magnetic core is spliced by manganese-zinc

ferrite of different sizes. When splicing, attention should be
paid to reducing the gap to prevent the distortion of the MF
lines.

As the most critical part of resonance, capacitance needs
to match the actual measured value of coil inductance. Here,
the impedance analyzer NF ZGA5920 is used to accurately
measure the self-inductance, and then the capacitance value
is calculated through the resonance condition of the series
compensation.

,e received high-frequency energy is converted to DC
through a rectifier module, and the load is composed of 72
LED bulbs. ,e load can be more directly observed ex-
perimental phenomenon when shielding device is added,
and it will not affect the coupling state of the coil.
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Figure 20: Shielding effect of vertical suppression coil. (a) MF distribution of different turns of the coil. (b) MF distribution diagram of XOZ
plane.
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5.2. Experimental Data and Analysis. Table 2 shows the
electromagnetic configuration used in our simulation (sim)
and experiment.

5.2.1. Magnetic Shielding Device Verification. First, we test
the situation without a shielding device and with magnetic
material above the secondary side. ,e magnetic material,
manganese-zinc ferrite, is located 3mm above the secondary
coil and is spliced with a square core of 2mm thickness. ,e
position of the magnetic material is shown in Figure 22.

After setting the initial measurement position and the
measurement length of the two axial directions on the host
computer interface, we power on the wireless charging
system to make it reach the resonance state. We use the host
computer to drive the console and the robotic arm to make
the three-dimensional MF measuring instrument collect the
MF value on the specified plane and then output it through
the connected USB interface to draw the following three-
dimensional MF distribution map in Figures 23 and 24.

X� 75mm in the X-Y measurement plane and
Y� 65mm in the Y-Z measurement plane correspond to
observation lines 1 and 2, respectively. ,e test result of the
measuring instrument shows that without any shielding, the
maximum magnetic induction intensity at 50mm above the
secondary side can reach 140 μT, and the minimum value is
60 μT, far exceeding the corresponding ICNIRP-2010. After
adding the ferrite shielding device, the MF values in the two
measurement planes dropped sharply, the maximum drop in
the X-Y measurement plane was 88.57%, and the maximum

drop in the Y-Zmeasurement plane was 34.88%. In addition,
the ferrite shielding device increases the system efficiency
from 80.2% to 82.4%.

5.2.2. Metal Shielding Device Verification. As is shown in
Figures 25 and 26, the experimental results are consistent
with the simulation MF distribution law. ,e aluminum
plate minimizes the central MF of the X-Y measurement
plane, which is 85.71% lower than that without any
shielding.,e closer to the surroundings, the greater the MF
value. Compared with the case without shielding, more than
85% of the area in the plane is replaced by the blue area
below 25 μT, and the magnetic induction intensity of the test
plane is basically up to the standard.

5.2.3. Active Shielding Device Verification. On the basis of
passive shielding, two types of active suppression coils are
added. ,e horizontal suppression coil selects 4 turns and is
placed 14mm above the secondary coil, as shown in Fig-
ure 27. ,e measured self-inductance is 12.93 μH; the ver-
tical suppression coil selects 3 turns and places it. At 20mm
to the right of the secondary coil, the total length and total
width of the two vertical suppression coils with opposite
winding directions are consistent with the vertical alumi-
num plate on the secondary side, and the self-inductance is
measured to be 4.13 μH. We connect the two active sup-
pression coils to the circuit, respectively, and continue the
measurement after the system is in resonance.

Table 2: ,e parameters of the experiment.

Parameters Primary side Secondary side
Frequency 85 kHz
Distance 50mm
Real power 2.46 kW 1.968 kW
Self-inductance (sim) 360.81 μH 91.476 μH
Self-inductance 354.76 μH 94.7 μH
Resonant capacitance 10.1 nF 37 nF
Resistance 0.341Ω 0.407Ω
Number of turns 16× 2 24× 2

Figure 22: Position of magnetic material shielding.
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,e results in Figure 28 show that the active shield has a
more significant shielding effect than the horizontal alu-
minum plate, which can reduce the magnetic induction
intensity to a minimum of 8 μT, and the edge value of the
plane also drops below the safe value. ,e Y-Z plane results
show that the vicinity of the vertical suppression coil can be

placed below the safe value, which ensures the electro-
magnetic safety of electronic equipment and staff in non-
working areas for a long time. ,rough the measurement of
the oscilloscope, it is found that the transmission efficiency
has dropped from 80.2% without the shielding device to
77.6%, making the system efficiency slightly lower.
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Figure 23: 3D MF distribution without shielding. (a) X-Y measurement plane. (b) Y-Z measurement plane.
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Figure 24: 3D MF distribution with magnetic shielding. (a) X-Y measurement plane. (b) Y-Z measurement plane.
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Figure 25: Position of metal material shielding. (a) 0.5mm aluminum plate on the receiving side. (b) 2mm aluminum plate on the receiving
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6. Conclusions

In this paper, we proposed an electromagnetic shielding
method combining passive shielding and active shielding. As
a result of Maxwell simulation and experiment, it is con-
firmed that the shielding method significantly reduced
leaked magnetic field by almost 85% for the WPT system

with a decrease in efficiency by 2.6%. Moreover, the fol-
lowing conclusions can be drawn from our study:

(1) Passive shielding can achieve shielding effect on the
primary or secondary sides of the WPT, but the
shielding ability in the vertical direction is not as
good as the active shielding, and a large area of
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Figure 26: 3D MF distribution of X-Ymeasurement plane. (a) 0.5mm aluminum plate on the receiving side. (b) 2mm aluminum plate on
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Figure 27: Physical picture of active shielding. (a) Horizontal suppression coil. (b) Vertical suppression coil.
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Figure 28: 3D MF distribution of the system with active shielding. (a) X-Y measurement plane. (b) Y-Z measurement plane.
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shielding board will hinder the mobility of the WPT
system

(2) Magnetic material and conductive material have an
opposite effect on coupling coefficient so that we can
combine those two materials in passive shielding.
But it should be pointed out that the thickness of
ferrite has a great influence on the shielding effect,
and the thickness of the aluminum plate has a little
effect on the shielding effect, but all of them are
positively correlated

(3) Under the same proportion of space, the MF
weakening ability of active shielding is 34.06% higher
than that of only passive shielding

(4) ,e secondary side is the best mounting position for
active shielding

For future works, a more realistic multiphysical field
model will be established to analyze the electromagnetic loss
of the WPTsystem and the resonant frequency offset caused
by the shielding design. In addition, the saturation phe-
nomenon of the I-shaped core skeleton and optimizing its
structure will be studied in further work.
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