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1 | INTRODUCTION

Wireless charging systems are increasingly common today for
recharging electric vehicles (EV) [1-9]. One of the main issues
for the development of the WPT is compliance with the elec-
tromagnetic fields (EMF) safety regulations [10—13]. Since the
primary and the secondary coils are loosely coupled in air, a sig-
nificant leakage magnetic field is dispersed in the surrounding
area [14, 15]. Thus, some techniques to reduce the stray mag-
netic field that could interfere with nearby equipment or the
human body are required. The systems that allow the mitiga-
tion of the magnetic field are divided into two macro-categories:
active and passive shielding [16, 17]. In the first category, the
shield is powered by external generators driven by a control
system for tracking the field value and frequency. The sec-
ond category can be further divided according to the type of
material used for the shield, that is, ferromagnetic or conduc-
tive passive shielding. Passive ferromagnetic shielding exploits
materials, such as iron, nickel, and cobalt, that have the abil-
ity to redirect or absorb magnetic fields. When a ferromagnetic
material is placed in the path of a magnetic field, it creates an
opposite magnetic field that partially cancels out the original
field. Ferromagnetic shielding is effective against static and low-
frequency magnetic fields. Conductive shielding involves the use
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The High Magnetic Passive Loop (HMCPL) technique is proposed as an innovative pas-
sive shielding system to mitigate the undesired dispersion of the magnetic field produced
by a wireless power transfer (WPT) system, thus reducing the risk of hazardous human
exposure. The magnetic structure is described both in terms of lumped parameters circuit,
useful for sizing, and in terms of a geometrical representation solved by finite element
method, useful to assess the field attenuation effects. Sizing of the resonance capacitors in
the shielded WPT structure is approached as a Pareto optimization problem and solved via
genetic algorithm. HMCPL shielding design guidance is provided to reduce the magnetic
field emission in the surrounding environment. Furthermore, the influence of the shielding
on the performance of the WPT system is also evaluated.

of materials with high electrical conductivity, such as copper or
aluminum, to block or redirect magnetic fields. When a con-
ductive material is placed in the path of a magnetic field, it
induces eddy currents in the material. These eddy currents gen-
erate their own magnetic fields that oppose the original field,
thereby reducing its strength.

In this work, an innovative HMCPL applied to an inductive
charging system is presented. The proposed solution consists
of a passive loop, made up of a circular coil, that is coupled
to the WPT power transmission system by a ferrite core. This
connection leads to a high coupling coefficient between the
primary side and the shielding side producing in the screen
conductor a current in an opposite phase with respect to the
primaty. The proposed solution has several advantages over the
shielding techniques available in the literature. First, compared
to active shielding, it does not need any control system for track-
ing the field value and the relative frequency [18]. As a result,
the complexity of the system is greatly reduced. Since, through
the coupling with the ferrite core, the supply frequency of the
shield current is exactly that required, and the current, con-
sidering a unitary transformation ratio, is equal and opposite;
consequently, the field generated by the shield will automati-
cally have the opposite direction to the source. Compared to
systems with ferrite and aluminum plate, this system is also

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is

propetly cited.

© 2023 The Authors. /2T Power Electronics published by John Wiley & Sons Ltd on behalf of The Institution of Engineering and Technology.

962 wileyonlinelibrary.com/iet-pel

LIET Power Electron. 2024;17:962-969.


https://orcid.org/0000-0001-8888-0388
https://orcid.org/0000-0001-7987-0487
mailto:gabrielemaria.lozito@unifi.it
mailto:michele.quercio@uniroma3.it
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/iet-pel
http://crossmark.crossref.org/dialog/?doi=10.1049%2Fpel2.12580&domain=pdf&date_stamp=2023-09-20

CANOVA ET AL.

| 963

I R2 RECEIVER
2
2
-3
TRANSMITTER ]\/‘[13 \\‘ ,”x ;‘_- 1 ||
A |
C I3 R';
Ls
Cs
|

| | SHIELD

FIGURE 1 Equivalent circuit of the system with the three loops for
transmitter, receiver and shield.

convenient from an economic point of view, as it requires a
cable of the same size as that of the coil and a ferrite cote
specifically sized not to work in saturation condition. Further-
more, comparing the systems with aluminum and ferrite with
the HMCPL, the advantage of the lower weight and overall
dimensions is added. The novelty of the proposed paper lies
in its introduction of a new technique to protect the mag-
netic field generated by a wireless power transfer (WPT) system
designed for electric vehicle charging. The proposed solution
belongs to the realm of passive screens. Differently from the
shielding techniques available in the literatures, shields examined
for similar purposes involved either ferrite components com-
bined with an aluminum plate or active shielding systems that
employed a powered coil to generate a magnetic field opposing
the source magnetic field. The technique proposed is analyzed
from different modelling point of views to create the design
and performance assessment tools necessary for its practical
implementation. Concerning the design, the WPT system with
the presence of an auxiliary coil for shielding is represented in
sinusoidal regime as a lumped parameters circuit [19-21]. The
purpose of this circuit is to create a Pareto optimization problem
to size the three resonance capacitors associated with transmit-
ting, receiving and shield coils [22-24]. The problem aims at
maximizing the current thorough the teceiver and shield coils,
while keeping their phase difference small to ensure the correct
interference of the field generated by the shield. To define accu-
rately the Pareto front, a powerful genetic algorithm suitable for
such problems was used [25, 26]. After the system was prop-
erly sized, its performance was evaluated using FEM analyses
through the use of COMSOL 6.0 Software. The performance
evaluation was carried out by creating two inspection lines, one
parallel to the other perpendicular to the WPT system on which
the magnetic field and shielding factor (SF) values were eval-
uated. These evaluations were carried out both for the static
and dynamic case. The results deriving from this study make
it possible to identify HMCPL shielding as promising for this
type of application, reaching in the static case near the shield an
SF equal to 3 while in the dynamic case much higher SF val-
ues are reached. In this first work, the technique is presented

excluding the dimensioning of the ferrite core which creates the
high magnetic coupling, The paper is organized as follows. First,
the HMCPL is described, then, a 3D simulation with different
configurations are provided to demonstrate the feasibility of the
shielding system.

2 | MATERIALS AND METHODS

2.1 | Sizing of the resonant WPT system
In this section, the WPT system considering three coupled
sections is studied in a sinusoidal regime to estimate the
compensation capacitors. The equivalent circuit of the system
considering the shield and the WPT transmitter and receiver is
shown in Figure 1 along with the coupling elements.

The analysis of the circuit can be easily performed in
sinusoidal steady-state through mesh analysis:

Z 212 Zi3 || 4 1

Zip L+ R Zpl|lbL|=]0 |, @
213 23 Z3 |15 0

where the impedances are shown below:

. 1

Zyy = jMyy, p# 4 prq € {1,2,3}. 3)

The capacitors are the quantities to be sized in this setup. An
analytical expression for the resonance in the series-series con-
figuration for a transmitter-receiver configuration is given by:

: 1

Gy = 4722Lpf2' )

This sizing equation can be used as a starting point for an
optimization procedure that can refine the capacitor values. The
optimization aims at the maximization of the load and shield
currents imposing an efficiency above 90% (7), resulting in a
two-dimensional Pareto problem, bounded considering a max-
imum angle between the shield and receiver current of 7 /6.
Thus, the problem can be formalized as:

max * |L(C)I, 15(CH)], C p € {1, 2,3}, ©)
subj = Cy > 05 anglell, [ 13} < /6, (6)

2

_ Lo R -lb]

= = — > 90%, 7
1= TV Ly 0

where:

* Py: Power output

* F: Power input

* ¢;: phase shift between the ptimary voltage 1] and the
primary current /;
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TABLE 1 Equivalent circuit parameters. TABLE 2  Three solutions to the Pareto optimization problem.
Li[wH]  Ly[pH]  Ls[uH]  Mp[pH]  My[pH]  Mj[uH] Type Cy[#F] G [HF] G3[HF]
28.2 20.7 0.832 7.71 0.308 0.116 Pr.Load 138.2 5.311 108.2
RimQ)  RymQ]  Ry[mQ] R, [Q] f[kHz] 14[V] Pr.Shield 139.8 5.291 5.633
100 100 100 10 85 20 Balanced 139.1 5.299 10.02
® \
_ 35
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IL| (Load) [A]
FIGURE 3 Simplified geometrical representation of the HMCPL
shielding technique applied to wireless power transfer system.
. RAM. Pareto front was defined after about 900 generations of
10 5.25 1.3905' 391 the genetic algorithm, which were computed in less than 2 min.
C.[F] 52 13895 C. [l x10 From the optimization, three numerical solutions ate identi-
2 1

FIGURE 2  Pareto Optimization for the determination of the three
capacitance. Optimized current values are shown on top. Capacitance values in
the solution space are shown on the bottom: red points favor current on the
load, blue points favor current on the load.

Considering the circuit parameters shown in Table 1 referring
to the optimized geometry:

The resulting optimization leads to a Pateto front shown in
Figure 2.

The optimization is performed in Matlab R2022b environ-
ment through the NSGA-II (non-sorting genetic algorithm),
which is a multi-objective evolutionary algorithm based on a
non-dominated sorting approach. The algorithm is widely used
for these kinds of problems in literature due to convergence pet-
formance and the inherent capability of spreading the solutions
over the Pareto front, thus ensuring the possibility of visually
investigating the trend of the solutions in the solution space.
The algorithm is implemented as a standard function in MAT-
LAB R2022b environment. Due to the simple nature of the
optimization problem, the algorithm did not require a further
local optimization strategy, nor a specific initialization to avoid
local minimum entrapment. The population size was set at 1000
individuals and a stopping criterion at 3000 generations was set
but not reached. All other options were left as defaults. The opti-
mization was both lower and upper bounded around the guess
value C;, given by (4). A factor of 0.1 was used for lower bound
and a factor of 10 was used for the upper bound. The machine
used for the optimization is a Core i7 10th Gen with 16Gb of

fied on the Pareto front: the first prioritizes load current over
shield current, the second prioritizes shield current overload
current, and the third gives equal importance to both currents
(achieving, obviously, lower currents for both shield and load).
Results are reported in Table 2.

2.2 | HMCPL theoretical analysis

The HMCPL allows the mitigation of the field produced by the
WPT system through the use of conductors wound in loops
strongly coupled to the source (transmitter coil) (Figure 3).

The operating principle is based on Faraday’s law; the alter-
nating magnetic flux generated by the transmitting coil creates
an induced current in the shield circuit so that the magnetic field
produced by the latter compensates for the source field (Lenz
Law). The shield is constituted by a short-circuited coil with a
very low series resistance. Due to magnetic coupling with the
transmitter coil via ferrite core, the current flowing through it
is a portion of the supply current of the WPT system, given
by a transformation ratio. Said 7 the transformation ratio, it is
described as:

r= 10 8
=N ®

where:

* Nj: Number of turns of the primary (source)
* N,: Number of turns of the secondary (shield)
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FIGURE 4 WPT geometry simulation.

Consequently, the induced current in the shield (/) can be
estimated as:

[falﬂ”ﬂf
Liess = —— @)
2
The material used for the core was a N82 ferrite core. The
choice was made by appropriately sizing the core to work in a
non-saturation condition.

2.3 | HMCPL: 3D-simulation

To assess the shielding performances of this methodology and
its effects in terms of WPT performance, a geometrical 3D sim-
ulation of the full system must be performed. For this purpose,
the system was implemented as a 3D model in COMSOL 6.0.
The feasibility and validation of this shielding method were first
simulated on the system of circular coils shown in Figure 4
whose characteristics are listed in Table 3.

Given the geometry, a simulation relating to the magnetic
field produced by the transmitting coil without the presence
of the shield was conducted. This simulation acts as a base-
line necessary for the evaluation of the shielding effectiveness
parameter. For this purpose, the voltage was chosen as the coil
excitation parametet, set at a value of 12 V for the transmit-
ter. The chosen working frequency is 85 kHz. The evaluation of

TABLE 3

WPT system characteristics.

Co”trasmitter

Co”receiver

D, [em]

D; [cm]

17
8.5

S [ 4 4
l\/;umr 14 12

0.2

£—~x -0.2 0 0.02

(a) Inspection lines

x107 [
6.1f

5.9t
5.8t
5.7
5.6
5.5/
5.4}
5.3
5.2
5.1+

Magnetic flux density norm (T)

4.9
4.8
0 0.1

0.2 0.3
Arc length (m)

(b) Magnetic field along red and green line

FIGURE 5 Magnetic field along inspection lines without the shield.

the magnetic field values was carried out by choosing a parallel
inspection line (red) and a perpendicular inspection line (green)
on the same plane as the transmitting coil, 30 cm away and 40
cm long (Figure 5a). Figure 5b shows the magnetic field values
in the vicinity of the WPT system in the absence of a shield.
It reaches a maximum value of ~ 6.2u7". So, to mitigate these
values a loop was introduced as a screen (Figure 6). The chosen
geometry is the circular one like the transmitting coil and the
dimensions have been evaluated through an exhaustive search,
which has shown that the problem has a single global minimum
and thus a single optimal radius of the circle can be determined.
The dimension deriving from this investigation is R, = 10
cm, S, = 4 mm equal to litz conductor diameter (Figure 6). To
avoid a larger thickness, a single winding is used for the shield
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FIGURE 6 HMCPL applied to WPT system.

coil, thus /V; = 1. Looking now at Equation (9), the calcula-
tion of the current value to be imposed on the shield conductor
is necessary and important in order to establish the number
of primary and secondary windings on the ferrite core of the
HMCPL system. At this point, the choice of the current value
to be imposed on the shield depends on the desired shielding
factor (SF) defined as:

_ 1By 2

= , 10
| B (2,0, 2] (10

where:

* By is the magnetic induction at a certain point when the shield
is absent.
* By is the equivalent with the screen applied.

Considering the transformation ratio # equal to one for sim-
plicity, the value of the current imposed on the shield is equal
but opposed in sign to that of the transmitter. So, the SF of such
screen is shown in Figure 7b. However, this solution affects the
coupling between the transmitter and receiver coils. This has
been evaluated by calculating the power F, on a resistance of
10 Q connected to the receiving coil and acting as a load (as
already considered in the lumped parameters circuit optimiza-
tion described before) with and without the presence of the
shield. The active power dissipated by the resistive load without
the presence of the shield is £,,; = 30 W. With the introduc-
tion of the shield, the power drops to P/;i , = 18 W, as shown in
Table 4.

The drop in delivered power highlight that the effect of the
shield weakens the magnetic field distribution in the geometry
as desired. However, this process hinders the power transfer to
the load, which is not acceptable in a WPT system. For this pur-
pose, a modified geometry is proposed for the shield with the
purpose of containing the reduction of the transferred power
while retaining the shielding capabilities in the vicinity of the
WPT system.

x107®

5.2}
5.1

4.9
4.8
4.7
4.6¢
4.5
4.4
4.3
4.2

4.1
0 0.1

Magnetic flux density norm (T)

0.2 0.3
Arc length (m)

(a) Magnetic field along red and green line
1.1736f

1.1728

1172

SF

1.1712

1.1704

1.1696

0 0.1 0.2
Arc length (m)

(b) Shielding factor trend

FIGURE 7 Effect of the HMCPL shield along inspection lines.

TABLE 4  Power on the load of the receiver coil.

Ppua[W] Efficiency [%]
No-shielding system 30 98.3
With shielding 18 97.6
With optimized shielding 30 98.1

2.4 | Alternative geometry and geometrical
parameters optimization

The shielding system should be able to retain the effects in
the vicinity of the WPT system to reduce exposure to harm-
ful magnetic fields, while reducing its shielding effectiveness in
the area closer to the WPT coils, to contain the power drop phe-
nomenon. To achieve this result, an alternative geometry based
on a double conductor proposed and optimized. The geometry
is shown in Figure 8.

The parameters that characterize this new geometry are the
radius of the inner circumference R, the Sand W parameters
as shown in Figure 8. In order to determine the optimal parame-
ters, several simulations were conducted to analyze the influence
that each of them have on the magnetic field values evaluated
along the previously defined inspection lines. The value R,
was evaluated in the previous case and kept constant in this anal-
ysis, while the other two parameters Sand W were made to vary.
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FIGURE 8 HMCPL optimized geometry.
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Magnetic flux density norm (T)

0.3
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(b) Effect of W parameter on magnetic field

FIGURE 9  Effect of the new shield shape along inspection lines.

The results are shown in Figure 9 where only the values taken
along the red inspection line are represented, which is consid-
ered more critical in this case as it faces an area where it is not
closed or where the W parameter is represented.

From the results of the previous simulations, it can be seen
that the optimal parameters for a decrease in the magnetic field
along the inspection lines are, respectively, §=0.1 m, I"=0.02
m. Consequently, by imposing these values and carrying out
a new simulation, the magnetic field and shielding factor val-
ues along the inspection sections were evaluated. The data are
reported, respectively, in Figures 10—13. What can be seen from

x107®

2.16

2.12

2.08

2.04

1.96

Magnetic flux density norm (T)
N

o

0.1 0.3

0.2
Arc length (m)

FIGURE 10 Magnetic field along red line.
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o

0.1 0.3

0.2
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FIGURE 11 Magnetic field along green line.
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FIGURE 12  SF along red line.

3.1

2.9

2.8

2.7

2.6

SF
w
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Arc length (m)

FIGURE 13  SF along green line.
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FIGURE 14  WPT misalignment case 0.1 m.
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FIGURE 15 Magnetic field along inspection line in misalignment case
without shield.

the reported data is that the power transmission system is not
influenced by the presence of the shield and compared to the
case of the circular shield, the shielding factor is improved. The
next step was to evaluate this shielding system in the worst
case of the WPT or that of the misalignment between the
transmitting and receiving coil.

2.5 | Misalignment

Misalignment is a condition of particular interest for this study
due to its effect both in terms of transmitted power, and in
terms of effects of the shielding system. The geometrical effect
is seen in Figure 14, which shows the WPT system in the
misaligned case. Three different configurations were evaluated
as a function of the distance of the misalighment. From a
dosimetric point of view, these cases are considered the worst
as there is a poor coupling between the two coils and therefore
there are many fluxes of magnetic field dispersed in the air
(Figure 15). Also for these cases, the effect of the screen is posi-
tive as shown in Figures 16 and 17. Even in the most distant case
between the coils, there is a significant shielding factor. It should
be considered that the values shown refer to the red inspection
line, that is, the one facing parameter W, as between the two
lines it is considered the worst case, especially in this case where
the coil transmitter moves away from the green inspection line.

x107°

5.5

4.5

35

Magnetic flux density norm (T)

2.5

Y

0 0.1 0.3

0.2
Arc length (m)

FIGURE 16 Magnetic field along inspection line in misalignment case
with shield.

—mis=0
16! —mis=0.05
—mis=0.1

H \
12

10

SF

0.2 03
Arc length (m)

FIGURE 17  SF misalignment case red inspection line.

3 | CONCLUSION

The HMCPL system used to screen three-phase distribution
lines was implemented for the first time in a WPT system. The
advantages of this passive shielding system are many, among
these, it is worth mentioning the fact that compared to active
shielding, the complexity of the system is reduced and the
shielding results as shown in the work are remarkable. There-
fore, from the simulations and experiments conducted, it can
be stated that this technique is effective in shielding the mag-
netic field produced by this power transmission system, without
altering its effectiveness. This work places the necessary foun-
dation for experimental validation of this shielding technique,
since it formalizes a model both at geometrical and at lumped
parameters level. Several critical aspects should be considered
in the creation of the experimental validation workbench. First,
a controlled environment is needed to ensure that the shield-
ing effectiveness is evaluated correctly. Second, the non-linearity
introduced by the ferrite coupling could introduce unwanted
harmonics [27-31]. Third, the power source could exhibit a
current dependant efficiency which could reduce the overall
transmitted power as a function of the load current. Thermal
analysis will also be carried out to investigate the influence
of temperature on the performance of the WPT system and
the screen.
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