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Abstract: During wireless charging, the transmission distance of electric vehicles varies, resulting
in different levels of electromagnetic field leakage. An improved active shielding technology, the
double-coil dynamic shielding technology, is proposed in this paper for wireless power transfer
(WPT) systems with different transmission distances. Modeling, simulation, and experiments are
performed for the WPT system with a double-coil dynamic shielding scheme and compared with
other cases. The results show that the proposed double-coil dynamic shielding scheme is able to
shield approximately 70% of the electromagnetic field leakage for WPT systems at different trans-
mission distances. In addition, it essentially causes no degradation in transmission efficiency (only
3.1%). The effectiveness and feasibility of the proposed scheme are verified.
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1. Introduction

The promotion of electric vehicles [1] (EVs) is key to the realization of sustainable
transportation. Initially, the main power transfer technologies involved battery exchange
and wired charging. While battery exchange is operationally convenient, battery storage
safety is still a major challenge. Wired charging, although avoiding storage safety issues,
also brings some inconveniences to the utilization of EVs, such as aging wires, the risk of
electric shock, and poor contact [2,3]. For this purpose, new technologies to improve com-
fort and safety are being investigated, of which wireless power transfer (WPT) technology
is certainly one of the most appealing [4-7].

However, one of the crucial challenges of WPT systems when applied to EVs relates
to the electromagnetic field (EMF) safety issues that can be caused by human exposure to
severe EMFs [8-10]. During the transmission of power from the transmitting coil to the
receiving coil, a portion of the EMF is radiated around the WPT system, called EMF leak-
age. The generation of EMF leakage not only has an impact on the devices and parts
around the WPT system. It also jeopardizes the health and safety of human beings by
generating current and heat inside the human body, which can cause irritation to muscles,
nerves, tissues, and organs [11-13]. Therefore, the electromagnetic safety issue become an
essential and critical point in the design process of WPT systems, which must ensure that
the EMF leakage levels comply with the International Commission on Non-lonizing Ra-
diation Protection (ICNIRP) standards and guidelines [14].

Many studies have been conducted in the past few years on electromagnetic shield-
ing technology to reduce EMF leakage from WPT systems [15-18]. Currently, there are
three main shielding measures to reduce EMF leakage: passive shielding, resonant reac-
tive current loop, and active shielding [19,20]. Features of these shielding technologies are
shown in Appendix B. The present study focuses on passive shielding technology [21,22].
This suppresses electromagnetic radiation by using metallic materials to generate an EMF
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in the opposite direction to the one generated by the coupling coil in the form of eddy
currents [23].

Despite its simplicity of operation and ease of implementation, this technology has
obvious drawbacks. The use of metallic materials leads to an increase in the weight of the
system, reducing the coupling coefficient and also increasing the losses [24]. Therefore, an
improved passive shielding technology, resonant reactive current loop, has been pro-
posed [25]. Its operation is based on the principle that, by placing a closed-loop coil with
matching capacitance around the transmitting and receiving coils, respectively, a cancel-
ing EMF opposite to the incident field is generated to significantly reduce the EMF leakage
of the WPT system. Resonant reactive current loop overcomes the shortcomings of tradi-
tional passive shielding and achieves good shielding with a small additional volume and
less impact on the power transmission efficiency.

Although the method is simple in structure, the shielding coil achieves only 53%
shielding effectiveness against EMF leakage, owing to the fact that the power of the shield-
ing coil is derived from the induced EMF, yielding a limited cancellation of EMF [26]. For
cases with higher shielding requirements, active shielding technology [27,28] has obvious
advantages over the two technologies mentioned above. The principle of active shielding
technology is to eliminate EMF leakage by generating a canceling EMF with a vector di-
rection opposite to the incident EMF. In this technology, the active shielding coil arranged
at the periphery of the transmitting coil is provided with an independent power supply,
and satisfactory shielding effectiveness is achieved by adjusting the power supply.

In previous studies, a single active shielding coil around the transmitting coil was
commonly taken into consideration. Therefore, the radius of the active coil should be
greater than the radius of the transmitting coil [29]. With regard to the current strength
and phase magnitude, the current strength should be selected based on the EMF calcula-
tion of the WPT system, while the phase should be opposite to the phase of the transmit-
ting coil current. Therefore, the active coil generates a canceling EMF in the opposite di-
rection of the EMF of the transmitting coil, which leads to a weakening of the EMF leakage
[30]. However, the total EMF received by the receiving coil is the sum of the EMFs of the
active shielding coil and transmitting coil. The algebraic sum of the two EMFs in opposite
directions is significantly lower than the EMF when only the transmitting coil is present.
Therefore, the addition of the active shielding coil negatively affects the transmission per-
formance of the WPT system.

To minimize the degradation in transmission performance from the active shielding
coil, multiple active coils can be considered. In this case, the geometry of each active coil,
its placement, and parameters such as current strength and phase need to be discussed in
more depth.

In addition, in previous WPT systems for EVs, the shielding function is usually lim-
ited to static shielding, i.e., discussing the shielding effectiveness at a fixed transmission
distance [31,32]. However, for different EVs, the distance between the chassis of vehicles
and the ground transmitting coil is not consistent. As a result, the power transmission
distance during the charging process is inconsistent, resulting in varying EMF leakage
levels.

In order to improve the wide applicability of shielding technology, this paper pro-
poses an improved active shielding technology —the double-coil dynamic shielding
scheme —for different transmission distances of EVs. Firstly, the active shielding structure
with double shielding coils is discussed. Secondly, a modeling analysis of the improved,
dynamically shielding WPT system is performed. Finally, simulations and experiments
are performed on the proposed shielding structure to verify the effectiveness of the dou-
ble-coil dynamic shielding scheme.
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2. Double-Coil Active Shielding Technology
2.1. Shielding Structure

To overcome the negative impact of the addition of an active shielding coil on trans-
mission efficiency, an improved double-coil active shielding structure is used in this pa-
per—with two half-loops instead of a single active shielding coil —and the structure dia-
gram is presented in Figure 1.
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Figure 1. Double-coil active shielding structure.

It is apparent from Figure 1 that each half-loop is equivalent to half of a circle, with
its inner radius denoted by rin and outer radius denoted by rout. Two half-loops are in-
stalled around the transmitting coil, and the radius of the transmitting coil is rs; thus, it is
obvious that rin> 7s. To facilitate the discussion at a later stage, the regions in Figure 1 are
divided as follows: inside the transmitting coil, i.e., r <7, is noted as region 1; excluding
the transmitting coil part, the region inside the active shielding coil, i.e., #in< 7 < 7out, is
denoted as region 2; outside the active shielding coil, i.e., r > rout, is noted as region 3.

Observing the direction of shielding coil currents in Figure 1, it can be seen that in
region 3, the EMF generated by the two half-loops is in the opposite direction of the EMF
generated by the transmitting coil, which creates a weakening effect on the total EMF in
region 3. Moreover, in region 1, the EMF generated by the two shielding coils is consistent
with the direction of the EMF of the transmitting coil. Compared with the traditional sin-
gle shielding coil, the negative impact of the two half-loops on the performance of WPT
system is reduced. It achieves a dual effect, reducing the EMF leakage of the WPT system
while increasing the transmission efficiency.

2.2. Magnetic Field Calculation

In this work, the configuration described in Figure 1 is considered. Since the currents
flowing in the radial direction of the two half-loops are opposite (as shown in Figure 1),
the EMFs generated by these two current segments can be ignored. Consequently, in the
process of calculating EMF, the structure shown in Figure 1 can be simplified. The simpli-
fied model is illustrated in Figure 2: neglecting the radial current segments, the two half-
loops are replaced by two concentric circular coils with the same current but opposite
phase. The inner radius and outer radius of the two concentric circular coils are consistent
with Figure 1.

In Figure 2, the geometric model of the distance from the center of coil to point M is
demonstrated, where the magnetic flux density at point M is a function of the coil radius,
the current flowing through the coil, and the distance from the coil center to point M. The
total magnetic flux density at point M is calculated by the following Equation (1) [29]:

2 krilcos6 1 k-
By, “Z.fﬂo N2d2 = |:1+ d :|e il
= M Jkay,

2,
_iﬂo (kry) Isind, [1+ .kl 1 ‘|ejkdw -9,
I J

dy ()



Energies 2021, 14, 5271

4 of 20

COS @y =———— cost, =

2 2 2
where,  d,, =x*+y*+z% r+y Nyt
I S
, 2 2 2
oy +z , &, =sing, cosg,, cosb,, .

sinf,, =

dy = v dxMz 1 dyMz + dzM2 M

X

Figure 2. Geometric model of the distance from the center of the coil to point M.

Note that po is the vacuum permeability, k is the wave number (27t/A), A is the wave-
length (c/f), c is the speed of light (3 x 108 m/s), f is the frequency, r~ (N =1, 2, ..., n) is the
coil radius, and N is the coil turn.

For the convenience of representation, the variable g is introduced here:

n k 2 9 .
g= Z j,llo ry €08 Uy, I+ 1 eijkd“ Gy
N=1
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It is abundantly clear that g is a function that varies with the position of point
M(x,y,z). Therefore, Equation (1) can be simplified as (3):

By, = g(x,y,2)I 3)

The geometric coil array of the transmitting, receiving, and shielding coils is depicted
in Figure 3. It is apparent that the transmitting, receiving, and shielding coils are all coaxial
coils. Thus, all coils have an identical distance for the x-axis and y-axis to point M. The
distance of the x-y axis from point M in the Cartesian coordinate system can be calculated
as \(x2+ 12).

However, in the z-axis direction, the distances vary from coil to coil. Therefore, the
distance to point M will differ with regard to the z-axis. The distance from the transmitting
coil to the point M ds1 is then expressed by Equation (4).

dg, =\/(ﬂx2+y2 )2+(zl+zz)2 4)

Since the receiving coil and shielding coil are in the same plane, the distance from the
receiving coil to point M has the same expression as the distance from the shielding coil
to point M, as shown in Equation (5).
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where ds2 is the distance from the receiving coil to point M; dsu_in and dst_out are, respec-
tively, the distance from the internal and external shielding coils to point M.

X

Figure 3. Geometric coil array of transmitting, receiving, and shielding coils.

The total magnetic flux density Bu at point M of the space is calculated by applying
superposition as:

By =B+B,+B, ;,+B; o ©6)

where Bi, B, Bs_in, and Bs_out are the magnetic flux density of the transmitting coil, receiving
coil, and the internal and external shielding coils at point M, respectively, and these are
calculated corresponding to the coil design through (1). Moreover, the shielding effective-
ness (SE) is defined as follows:

SE =[1-=2v_ |x100% 7)
B, + B,

3. Dynamic Shielding for WPT Systems with Double-Coil Active Shielding
3.1. Mathematical Analysis

The theory of double-coil active coil shielding is here addressed using a circuit ap-
proach. A WPT system with a series—series (SS5) compensation topology [33] is modeled
using an equivalent circuit as shown in Figure 4, with Ri, Rz, and Rs as the internal re-
sistances; L1, L2, and Ls as self-inductances; Ci1, Cz, and Cs as capacitances, and Rt and Rs as
the resistive load and internal resistance of power transmitting. M1z, M13, and M3 are the
mutual inductances between coils, and subscript ‘1’, ‘2", ‘3" indicates the transmitting, re-
ceiving, and shielding coil, respectively. Vs and Va are the power supply of the transmit-
ting coil and the shielding coil, and I, I, and I3 are the current of the transmitting, receiv-
ing, and shielding coil, respectively. w is the angular operating frequency.

The equivalent circuit in Figure 4 can be calculated as follows:

Z, +Rg Zy, Zs || 4 Vs
Zy, Zy+R, Zy || 1 |=| 0 8)
Zys Zy Zy || L V4

. |
Z; =R + joL; + aC ,ie{l,2,3} 9)
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7, = jaMyi# i, .23 (10)

It is worth mentioning that Cs can be neglected since there is enough active current
injection to compensate for the EMF leakage.
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Figure 4. Equivalent circuit of WPT systems with double-coil active shielding.

Considering, for simplicity, a three-coil configuration (1 —transmitting coil, 2—re-
ceiving coil, 3—active shielding coil), the total magnetic flux density at observation point
M(x,y,z) in (6) can be simplified as:

3
By (x,3,2)= Y By(x,,2) (1)

k=1
where Bs is equal to the sum of Bs_in and Bs_out. Substituting Equation (3) into (11), there is:

3
By (x,7,2)= ) g (%, 3,2)]; (12)
k=1

It should be noted that the vectorial functions gr depend on the configuration of all
coils, i.e., the transmitting, receiving, and active shielding coils. Therefore, the feeding of
the active shielding coil depends not only on the EMF generated by the transmitting coil,
but also on the EMF generated by the receiving coil.

Assuming that the shielding coil achieves an ideal SE, i.e., the total magnetic flux
density Bu measured at point M is zero, it yields:

By(%,3,2) = B(x.,2)+ By(x,3,2)) (13)

The above Equation (13) can only be satisfied if point M lies on the surface of the
plane loop with its normal axis unit vector n. parallel to the direction of the sum of the
incident fields:

n, (g (x. 3,21 +g,(x,3,2)1,) (14)

However, in fact, for a given active coil structure, the shielding area cannot contain
only one single point. Therefore, vector condition (14) cannot be completely satisfied in
practice. Thus, a less restrictive but practical condition is introduced in the following.

Considering the diminishing of the main component of magnetic flux density under
the condition that the active coil is properly scheduled and is planar, being parallel to the
14, the compensation for the Bu component in the direction . at a given point M is given
by:
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Expressing the current vector in (15) into (9), it yields:
na{gl (X,)/,Z) gz(x,y,z) g}(x’y7z):|'
- -1
Z + Ry Zy, Zy3 Vs (16)
Z, Zy,+R, Zy 0 (=0
| Zi3 Zy3 Z3 V4
To make the expression more concise, a new variable ¢ is introduced:
0]
t|=ndei(xy.2) &y gy.2)}k
L5 ]
- . 17)
Zy + Ry Zy, Zy3
Zyy Z,+R, Zy
| Zi3 Zy Zy
Thus, Equation (16) is transformed into:
Ws+tV,=0 (18)

From this, the expression for the power supply of the active shielding coil is further
derived:

Vi=s(4/) (19)

With consideration of the losses incurred by the presence of double active shielding
coils, the power transfer efficiency 1 of the system can be calculated as:

_ b
Uy (20)
R =Nl
2
p=l2 1)
RL
By =V,1;

where P1 and Ps are the output power of the transmitting and active shielding coils, and
P2 is the transferred power to load.

Variations in the position or current of the transmitting and receiving coils result in
a corresponding change in the magnetic flux density of the WPT system. The dynamic
shielding scheme proposed in this paper is to adjust the power supply Va in the active
shielding coil according to the changes in coil position and current, allowing the excitation
of the shielding coil to adapt to the changes in the EMF leakage of the WPT system.

3.2. Dynamic Shielding Scheme

As the application of EVs gradually spreads, different EVs have been presented with
different structures and the distance between the vehicle chassis and the ground varies.
This results in different strengths of EMF leakage when charging different EVs. If each EV
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needs to be designed with one active shielding mechanism, it would occupy much of the
ground charging area.

Therefore, a double-coil dynamic shielding scheme based on active shielding tech-
nology is proposed in this paper. According to the power transmission distance of differ-
ent EVs, the power supply of active shielding coils installed on the ground is adjusted, so
that the EMF leakage of different EVs can be dynamically shielded. Regardless of the var-
iation in the transmission distance of the WPT system, the EMF leakage level is always
guaranteed to be within the safety range specified by the International Commission on
Non-lonizing Radiation Protection (ICNIRP) standards and guidelines.

With a constant charging power supply of the WPT system, the magnetic flux density
varies with the transmission distance. A magnetic flux density detection module is used
to detect the magnetic flux density at different transmission distances. This involves con-
trolling the power supply Va of the active shielding coil, so high SE of the shielding system
is maintained while adapting to changes in the transmission distance, resulting in dy-
namic and good shielding effectiveness.

A DC-AC inverter circuit with an adjustable duty cycle is added to the control loop
so as to control the power supply of the active shielding coil. By adjusting V4, high SE for
EMF leakage at varying distances is achieved in the active shielding system. The circuit
design is shown in Figure 5.

L=

Circuit of vy

shielding coil DC-ACinverter

u|n

Figure 5. Circuit design of active shielding system.

A DC-AC inverter circuit is a conversion device that transforms the DC input voltage
and then outputs the AC voltage. It realizes the orderly closure of switching elements by
controlling the driving voltage for on/off. Thus, the high DC voltage is converted to AC
output voltage according to different circulation paths. It is controlled by pulse width
modulation (PWM), which further changes the magnitude of the output voltage by shift-
ing the trigger signal of the power electronic switch in the circuit.

When the power transmission distance changes, the EMF leakage also changes ac-
cordingly. As a result, the current flowing through the coil alters as well. In the DC-AC
inverter circuit, the magnitude of output voltage Va is controlled by regulating the duty
cycle of the PWM signal, so that the EMF leakage level is limited within ICNIRP.

The topologies often used in high-frequency inverter circuits are class E [34], double
E [35], half-bridge, and full-bridge [36], and their circuit structures are shown in Figure 6.

T 1L
(b) Double E Inverter

(c) Half-Bridge Inverter (d) Full-Bridge Inverter

Figure 6. Circuit structures of high-frequency inverters.
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A class E inverter is a simple driving circuit with only one switching device, and it
has the advantages of low switching losses and high conversion efficiency. However, the
circuit is unlikely to provide high output power when the duty cycle is changed.

A double E inverter consists of two switching devices, each with half the input volt-
age of a class E inverter. In this case, it lowers the requirement of the DC power supply
and switching devices and provides an improvement in power. However, it has a large
current ripple in the input inductance and a high loss in the paralleled inductor, which
reduces the efficiency of the inverter system.

A half-bridge inverter works through controlling two switching devices to alternate
their conduction. It features a simple structure and requires fewer switching devices.
However, the maximum AC output voltage is only half of the DC output, and the lower
DC voltage utilization reduces the efficiency of the inverter system.

A full-bridge inverter consists of four bridge arms, which can be seen as a combina-
tion of two half-bridge inverters. At the same DC voltage and load, the output of a full-
bridge inverter is two times that of a half-bridge inverter. Moreover, it has only one ca-
pacitor on the DC side, so there is no problem of voltage balance. It can be applied in a
wider range and is more flexible to control.

In summary, a full-bridge inverter is more applicable to the WPT system in this work
because of its simple structure, high voltage utilization, wide power range, flexible con-
trol, and no special requirements for the transmission distance. Therefore, the full-bridge
inverter is selected in this work.

With the addition of a full-bridge inverter, it is possible to adjust Va by changing the
duty cycle « of the pulse signal. In this way, the EMF leakage can be kept at a stable value
while the transmission distance changes, which achieves the dynamic shielding effective-
ness of the WPT system.

To further implement the dynamic shielding scheme, an MCU is added to the WPT
system to guide the adjustment of & according to the detected magnetic flux density, and
finally to enable the dynamic adjustment of Va. The algorithm flowchart of the proposed
dynamic shielding scheme is presented in Figure 7.
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Figure 7. Flowchart of proposed dynamic shielding scheme.

The dynamic shielding scheme allows the power supply of the active shielding coils
to be adjusted so that EMF leakage is restricted to the safe level of ICNIRP. The ICNIRP
reference levels for magnetic field exposure for WPT systems in different operating bands
(1 Hz-100 kHz) are listed in Table 1. This work refers to the ICNIRP 2010 version [37].

Table 1. Reference level of magnetic field exposure in the operating frequency range of 1 Hz-100
kHz in ICNIRP-2010.

f B(T)

1 Hz-8 Hz 0.04/f

8 Hz-25 Hz 0.005/f

25 Hz-50 Hz 0.0002

50 Hz-300 Hz 0.0002

300 Hz—400 Hz 0.0002

400 Hz-3 kHz 0.08/f
3 kHz-100 kHz 0.000027

When the operating frequency is fixed at a certain frequency band, a standard value
of the referenced magnetic flux density is fixed. However, the transmission distance may
not remain the same when charging different EVs. Therefore, the magnetic flux density
will increase or decrease accordingly with the distance. As the transmission distance is
shortened, the EMF leakage of the WPT system will increase accordingly. To ensure that
the EMF leakage is within the safe range of ICNIRP, the adoption of the proposed dynamic
shielding scheme can adjust Va accordingly. This causes the adjusted EMF leakage to drop
below the reference level of ICNIRP 2010. While the transmission distance increases, the



Energies 2021, 14, 5271

11 of 20

EMF leakage will become lower accordingly. From the perspective of energy saving and
cost saving, Va should be reduced accordingly, which can help to ensure that the EMF
leakage is within the safety limit of the ICNIRP 2010 standard and prevent excessive waste
of resources.

The proposed dynamic shielding scheme is applicable to cases in which the trans-
mission distance changes. It has a certain directive significance for future research on
shielding technology for subsequent WPT systems.

4. Simulation and Experiments
4.1. Simulation Verification

For the verification of the proposed dynamic shielding scheme based on double-coil
active shielding, a WPT system is built using ANSYS Maxwell simulation software. The
WPT system operates at 85 kHz, and the safety limit of ICNIRP at this operating frequency
is 27 puT. The simulated structure of the WPT coils is depicted in Figure 8. The transmitting
and receiving coils have the same structure, both of which have an external radius of 100
mm; the number of turns N is 10, and the transmission distance Z: is initialized to 100 mm.
The double-coil active shielding structure consists of two half-loops with outer radius out
=150 cm and inner radius 7in=130 cm.

The circuit for the combined simulation by 3D Maxwell and Simplorer is illustrated
in Figure 9. The transmitting power supply Vs of the WPT system is set to 30 V. The inter-
nal resistance of power supply Rs is 8 m(2, and the resistance of the load resistor R. = 10
Q. The other simulation parameters of the circuit are listed in Table 2. In addition, the
variation of the power supply of the active shielding coil Va with the variation of the dis-
tance between the transmitting coil and receiving coil is given in the subsequent discus-
sion. In addition, the changes in the power supply of active shielding coil Va with trans-
mission distance are given in the subsequent discussion.

In this paper, a dynamic shielding scheme is used to dynamically adjust the power
supply of active shielding coils Va at transmission distances of 50 mm, 100 mm, and 150
mm. The EMF leakage of the WPT system is measured to ensure that its value is lower
than the ICNIRP standard. The corresponding Va at different transmission distances is
shown in Table 3.

When the transmission distance is shortened, the magnetic flux density increases ac-
cordingly. Therefore, to meet the shielding requirements, the proposed dynamic shielding
scheme is used to increase the Va to 41.61 V and to shield from excessive EMF leakage.
When the distance increases, the magnetic flux density becomes smaller correspondingly.
At this point, based on the consideration of saving resources and economic costs, Va is
reduced to 20.06 V consequently, so that the EMF leakage is exactly within the safety limit
of the ICNIRP standard, avoiding the unnecessary waste of resources.

Figure 8. Simulated structure of the WPT coils.
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Coil_1:srk
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shield2:src

shield2:snk

'% cs VA
()

A0
Q

shieldingcoil

Figure 9. Circuit for the combined simulation by 3D Maxwell and Simplorer.

Table 2. Simulation parameters of WPT circuit.

Symbol Value
R1 15.49 mQ
R2 15.49 mQ
Rs 2.64 mQ
La 28.27 uH
L2 28.27 uH
Ls 0.90 uH
C 4.89 uF
C 4.89 uF
Kiz 0.422
Kis 0.041
Kz 0.041
Table 3. Va at different transmission distances.
Transmission distance Va
50 mm 41.61V
100 mm 24.32V
150 mm 20.06 V

The magnetic flux density distribution of the WPT system at different distances is
displayed in in Figures 10 and 11, demonstrating the EMF leakage with no shielding and
double-coil active shielding. The comparison indicates that the magnetic flux density in-
creases with the shortening of the transmission distance and decreases with the increase
in transmission distance, when no shielding is available. Moreover, the EMF leakage out-
side the system is higher. However, with the addition of double-coil active shielding, the
EMF leakage outside the WPT system is significantly reduced by adjusting Va, as illus-

trated in Figure 11.
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Figure 10. The magnetic flux density distribution of WPT system with no shielding: (a) 50 mm; (b)
100 mm; (c) 150 mm.
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Figure 11. The magnetic flux density distribution of WPT system with double-coil active shielding:
(a) 50 mm; (b) 100 mm; (c) 150 mm.

To further prove the shielding effectiveness of the dynamic shielding scheme and the
impact of double-coil active shielding on the power transfer efficiency of the WPT system,
the shielding effectiveness SE and power transfer efficiency n at different transmission
distances after adjusting Va are presented in Table 4.

Table 4. SE and 7 at different transmission distances.

Transmission distance 50 mm 100 mm 150 mm
SE 69.4% 76.2% 77.4%
1 (no shielding) 96.5% 93.8% 92.7%
1 (double-coil active shielding) 92.4% 91.9% 90.7%

It can be seen that the SE of this dynamic shielding scheme reaches more than 69.4%.
Moreover, with the increase in distance, the shielding effectiveness becomes more prom-
inent. At 150 mm, it achieves 77.4% shielding effectiveness for EMF leakage in the WPT
system. Furthermore, by comparing the 1 of the WPT system with double-coil active
shielding and no shielding, it can be found that the addition of double-coil active shielding
employed in the paper allows the power transfer efficiency to be essentially above 90%.
Therefore, the involvement of this double-coil active shielding structure has not caused a
significant impact on the transmission efficiency, and the degradation of the performance
of the WPT system is mitigated. In summary, the effectiveness of the proposed dynamic
shielding scheme is successfully verified.

4.2. Experimental Verification
In order to validate the correctness of the simulation results and the effectiveness and

feasibility of the proposed dynamic shielding scheme, the circuit of the WPT system with
double-coil active shielding is built in this paper. The structural framework is shown in
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Figure 12, and a physical diagram of the experimental setup is displayed in Figure 13.
And the general specifications of measuring devices are listed in Appendix A. Two control
experimental setups are used to better visualize the characteristics of this scheme. One
group involves no shielding, and the other group involves double-coil active shielding
but without the dynamic shielding scheme.

C=Z) Secondary Coil 23 Re'ctiﬁ'er —> Load
DCP Pri m= = Circuit
ower => Inverter rimary
Supply Coil .
. Voltage Source Full Bridge
- —i—» of Shielding Coil K——————] Resonant
Va Inverter
Y Y Y ﬁ
Magnetic Flux Drive
Density MCU [=X Circuit
Detector IR2103

Figure 12. The structural framework of WPT system with double-coil active shielding.

Figure 13. Experimental setup.

It mainly consists of four parts: (1) a power control module composed of DC power
supply and an inverter; (2) a power transmission module composed of three coils—a
transmitting coil, half-loop shielding coils and receiving coil; (3) a dynamic shielding con-
trol module composed of a full-bridge inverter circuit, driving circuit, magnetic flux den-
sity detector, and micro-controller chip (MCU); (4) a load module composed of a rectifier
circuit and load. The power supply for the WPT system is provided by a DC power sup-
ply, which, through the inverter, forms a high-frequency AC signal to the transmitting
coil. The power is transmitted from the transmitting coil to the active shielding coils and
receiving coil and then finally rectified and converted to provide power for the load.

This work focuses on the dynamic shielding control module consisting of a full-
bridge inverter circuit, driver circuit, magnetic flux density detector, and MCU (the
dashed block part in the Figure 12). The magnetic flux density of EMF leakage is detected
by the magnetic flux density detector, and it is output to the MCU; then, the MCU applies
the dynamic shielding scheme to calculate the corresponding duty cycle and connects the
required control signal to IR2103 to drive the conduction of four MOSFETs in the full-
bridge inverter. Thus, the power supply Va of the active shielding coils is controlled to
realize the proposed dynamic shielding scheme.

Experiments are conducted by assigning different values to the transmission dis-
tance. The transmission distance is varied between 10 mm and 200 mm, and the variation
step is set to 10 mm/step. The supply power Va is adjusted depending on the change in
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transmission distance. In the following, experimental results of this dynamic shielding
scheme are analyzed.

The curve of Va variation with the transmission distance is shown in Figure 14. Ac-
cording to the ICNIRP standard, the magnetic flux density B is 27 uT. With the gradual
increase in transmission distance, Va decreases accordingly. In the range of 0-50 mm, Va
decreases sharply with the increase in transmission distance, and the decline is very ap-
parent. It is related to the drastic magnetic flux density change in the near field of the WPT
system. Within 50-150 mm, the decrease in Va becomes slightly less, and within 150-200
mm, the change in Va tends towards a stable value, which is related to the limited trans-
mission distance of WPT technology.

Vaa

200
160
120

80,

40

00 30 T00 T50 200"
transmission distance

Figure 14. The Va variation with transmission distance.

According to the guidance in Figure 14, Va is adjusted so that the magnetic flux den-
sity reaches below 27 uT at different transmission distances. The variation curves of mag-
netic flux density at different transmission distances are given in Figure 15. Blue indicates
no shielding, red represents the case with double-coil active shielding but without the
dynamic shielding scheme (here Va =24V and the initial transmission distance is 100 mm),
and yellow represents the case with double-coil active shielding and with the dynamic
shielding scheme to adjust Va. Lines indicate calculated values, and dots indicate meas-
ured values.

B/uTy — no shielding(calculated)

250} —— double-coil butno dynamic shielding(calculated)
200f ¢ no shielding(measured)
¢ double-coil butno dynamic shielding(measured)

|
|
:
double-coil with dynamic shielding(calculated) |
|
:
double-coil with dynamic shielding(measured) :

150k
100

50

227uT

0
25 50 75 100 125 150 175 200
Transmission distance

Figure 15. Curves of magnetic flux density at different transmission distances.

It can be seen from the three curves in Figure 15 that the measured and calculated
values are in general agreement. Without shielding, the magnetic flux density within 10—
163 mm is higher than the safety limit of 27 uT, and only in the range of 163200 mm is it
below the safety standard. When double-coil active shielding is used without the dynamic
shielding scheme, the magnetic flux density is significantly higher than 27 uT at a distance
less than the initial transmission distance of 100 mm. The greater the distance, the greater
the flux density. Obviously, at reduced distances, the initial supply power Va is not suffi-
cient to shield the EMF leakage of the WPT system. Moreover, at a distance greater than
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the initial transmission distance, the magnetic flux density becomes gradually lower than
the safety limit, when no corresponding adjustment of Va will also result in a waste of
resources. When adopting double-coil active shielding and applying the dynamic shield-
ing scheme to adjust V4, the EMF leakage can be basically kept below the safety limit of
27 uT regardless of the increase in or shortening of the transmission distance. It avoids
excessive power waste when the distance increases and solves the problem of excessive
EMF exposure to human safety.

A comparison of the shielding effectiveness SE with and without the dynamic shield-
ing scheme for different transmission distances is shown in Figure 16. Measured and cal-
culated values remain largely consistent. Without the dynamic shielding scheme, SE be-
comes progressively larger with increasing distance. This means that the closer one ap-
proaches the coil, the less EMF leakage is shielded. The higher the level of EMF exposure,
the greater the risk to humans. This is due to the fact that Va is not regulated accordingly.
When the distance decreases, the magnetic flux density increases, and the original Va is
no longer enough to shield a sufficient amount of EMF leakage. On the other hand, with
the dynamic shielding scheme, SE increases when the transmission distance is smaller and
decreases slightly when the transmission distance becomes longer. The closer to the trans-
mitting coil, the higher the magnetic flux density of EMF leakage, when a higher shielding
effectiveness SE is required to bring the EMF leakage level down to within the safe range.
The results show that this method is consistent with the limits of EMF exposure require-
ments and validate the effectiveness of the dynamic shielding scheme.

SEy | —— double-coil butno dynamic shielding(calculated):

100 double-coil with dynamic shielding(calculated) !

|
: ¢ double-coil butno dynamic shielding(measured) :
|
|

double-coil with dynamic shielding(measured)

80

60

40

20

0 >
25 50 75 100 125 150 175 200
Transmission distance

Figure 16. SE for different transmission distances with and without dynamic shielding scheme.

To further confirm the feasibility of this dynamic shielding scheme, the power trans-
mission efficiency 1 of the WPT system is investigated. Figure 17 shows the variation
curves of 1 at different transmission distances, where blue denotes no shielding and yel-
low denotes double-coil active shielding. It is clear that, although slightly fluctuating, the
measured values match well with the calculated values. The 1 with double-coil active
shielding is slightly reduced compared with that with no shielding, but the reduction is
not significant and is approximately 3.1%. It is related to the introduction of the shielding
system. It can be found that the addition of this double-coil active shielding structure
achieves good shielding effectiveness against EMF leakage at the same time, without caus-
ing a significant sacrifice in power transmission efficiency. This means that the application
of the double-coil dynamic shielding scheme can not only avoid the waste of power but
also reduce the degrading influence of the shielding device on the transmission perfor-
mance of the WPT system; thus, its feasibility is verified.
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Figure 17. Curves of 1) at different transmission distances.

5. Conclusions

Given that different transmission distances lead to different degrees of EMF leakage,
a double-coil dynamic shielding scheme based on active shielding technology is proposed
in this paper. The active shielding coils adopt two half-loop structures and are set on the
outside of the transmitting coil. The supply power of the active shielding coils installed
on the ground is adjusted according to different transmission distances to achieve dy-
namic shielding of EMF leakage with different EVs. The WPT system with the proposed
double-coil dynamic shielding scheme is modeled, simulated, experimented, and com-
pared with other WPT systems.

The simulation and experimental results show that the proposed double-coil dy-
namic shielding scheme can shield approximately 77.4% of the EMF leakage and maintain
high shielding effectiveness as the transmission distance varies. Furthermore, the appli-
cation of the double-coil dynamic shielding scheme essentially has no effect on the power
transmission efficiency. Therefore, the adaptability, effectiveness, and feasibility of the
double-coil dynamic shielding scheme for WPT systems with different transmission dis-
tances are verified.

EVs currently available in the market have different structures, and the distances be-
tween their vehicle chassis and the ground are bound to be different. When the transmit-
ting coil is fixed to the ground in the WPT system, EVs with different chassis heights sig-
nify different transmission distances. The proposed double-coil dynamic shielding
scheme can shield the EMF leakage as the transmission distance changes, avoiding the
repeated design of the shielding system. The proposed scheme is also generally applicable
to other cases where the position of the transmitting coil is fixed but the distance of the
receiving coil changes. Thus far, the scheme involves a large amount of analytical calcu-
lations, and it is hoped that a more concise method can be sought in future research.

Author Contributions: Conceptualization, Y.L. and Z.C.; methodology, Y.L.; software, Y.L.; vali-
dation, Y.L.; formal analysis, Y.L.; investigation, Y.L.; resources, Y.L.; data curation, Y.L.; writing—
original draft preparation, Y.L.; writing—review and editing, Y.L.; visualization, Y.L.; supervision,
S.Z.; project administration, Z.C.; funding acquisition, Z.C. and S.Z. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
61903272 and 61873180.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2021, 14, 5271

18 of 20

Nomenclature
WPT wireless power transfer
EV electric vehicle
EMF electromagnetic field
ICNIRP International Commission on Non-lonizing Radiation Protection
fin inner radius of half-loop
Tout outer radius of half-loop
Ts radius of transmitting coil
Bwm total magnetic flux density at point M
ds1 distance from the transmitting coil to the point M
ds2 distance from the receiving coil to point M
B1 magnetic flux density of transmitting coil
B2 magnetic flux density of receiving coil
Bs_in magnetic flux density of the internal shielding coils at point M
Bs_out magnetic flux density of the external shielding coils at point M
SE shielding effectiveness
Rizs internal resistances of the transmitting, receiving, and shielding coils
Li23 self-inductances of the transmitting, receiving, and shielding coils
Ci23 capacitances of the transmitting, receiving, and shielding coils
Ru resistive load
Rs internal resistance of power supply
Mz mutual inductances between transmitting and receiving coils
Mis mutual inductances between transmitting and shielding coils
M>s mutual inductances between receiving and shielding coils
L,23 current of transmitting, receiving, and shielding coils
& angular operating frequency
Vs power supply of transmitting coil
Va power supply of shielding coil
P23 output power of transmitting, receiving, and active shielding coils
PWM pulse width modulation
a duty cycle
N number of turns
MCU micro-controller chip
n power transfer efficiency
Appendix A

Table Al. General specifications of measuring devices used in the WPT experiment.

Devices Product Model Operating Parameters
Power Supply IPD-3303LU 0~32V
Magnetic Flux Density SS49E ~1000~1000 Gs
Detector
Signal Generator SDG830 1 uHz~30 MHz
Drive Circuit 1IR2103 10~20 V
MCU STM32F103C8T6 2~3.6V
MOSFET IRF640 -20~20 V
Appendix B
Table A2. Features of various shielding technologies in WPT.
Shielding Technology Advantages Disadvantages
simple operation, large volume,
Passive Shielding AP P . high space occupation,
easy implementation .
increased loss
Resonant Reactive Current small additional volume, Lo .
. lower shielding effectiveness
Loop simple structure

high shielding effectiveness,

Active Shielding small additional volume

complicated calculations
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