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Abstract: This paper deals with the mitigation of magnetic field levels produced by a wireless power
transfer (WPT) system to recharge the battery of an electric vehicle (EV). In this work, an array
of active coils surrounding the WPT coils is proposed as a mitigation technique. The theory and
new methodological aspects are the focus of the paper. Magnetic field levels in the environment
are calculated numerically without and with the presence of an array of active coils in a stationary
WPT system for automotive applications. By the proposed mitigation method, the field levels beside
the vehicle are significantly reduced and comply with the reference levels (RLs) of the ICNIRP
2010 guidelines for human exposure to electromagnetic fields and the magnetic flux density limits
proposed by ISO 14117 for electromagnetic interference (EMI) in cardiac implantable electronic
devices (CIEDs).

Keywords: active coil; cardiac implantable electronic device (CIED); electromagnetic compatibility
(EMCQ); electromagnetic field (EMF) safety; electromagnetic interference (EMI); magnetic field; near
field; shielding; wireless power transfer (WPT)

1. Introduction

Electric vehicles (EVs) bring significant advances in transportation technology, promis-
ing a green and more sustainable future. For the widespread adoption of electrified
transportation on wheels, an efficient and convenient charging infrastructure is necessary.
Wireless power transfer (WPT) based on resonant inductive coupling is the most promising
technology for its potential and for the elimination of the plug-in physical connections [1-8].
However, the implementation of this technology raises concerns about the strong magnetic
fields emitted into the environment from WPT systems, which could pose potential health
risks to occupants and nearby people and interfere with sensitive electronic equipment
and infrastructures [9-11]. Therefore, WPT systems are critical for the electromagnetic field
(EMF) safety of exposed individuals and the electromagnetic compatibility /electromagnetic
interference (EMC/EMI) to electric/electronic devices. Such issues can be particularly
critical in densely populated urban environments where many electric vehicles may be
located. Consequently, there is an urgent need to develop effective mitigation techniques to
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A potential solution for magnetic field mitigation consists in using additional active
or passive shielding coils (or loops) that generate a magnetic field opposite to that created
by the WPT system. In a passive configuration, the shielding loop is terminated on an
Attribution (CC BY) license (https://  impedance, and the current flowing through it is induced by the incident magnetic field
creativecommons.org/licenses/by/  produced by the WPT coils according to Faraday’s law [11-18]. When the passive loop
40/). is properly terminated, typically on a capacitance, the magnetic field produced by the
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shielding coil can oppose the incident field. However, achieving the desired current (both
in magnitude and phase) in the passive shielding coil is not always possible, which can
result in suboptimal field mitigations.

Active shielding coils provide a practical and cost-effective solution to the challenges
posed by magnetic field emissions from WPT systems [19-28]. Unlike passive ones, ac-
tive shielding coils have an independent power supply that allows the regulation of the
magnitude and phase of the current through appropriate control mechanisms. While the
theory behind active shielding coils is well established, this work introduces an innovative
approach, using an array of active shielding coils to mitigate the magnetic field in a wireless
charging system for EVs. The design of active shielding coils is particularly challenging
since a successful field mitigation often negatively impacts the power transfer efficiency.
Strategically feeding an array of active shielding coils around the EV WPT charging system
helps reduce magnetic field levels while maintaining a high power transfer efficiency and
electrical performance [4,13]. The main novelty of the proposed work compared with past
works on active shielding lies in the possibility of selecting the optimal power supply for a
shielding system composed of N independent coils. This allows for great flexibility and
adaptability to any type of WPT system.

The paper is focused on the methodological aspects of an array of active shielding
coils and is organized as follows. First, a comprehensive analysis of using an array of active
shielding coils for automotive wireless power systems is presented. We begin by providing
an overview of the WPT theory and the sources of magnetic field emissions in WPT systems.
Next, we discuss the design considerations and optimization techniques for integrating
active shielding coils into the WPT infrastructure. Furthermore, we present simulation
results to demonstrate the effectiveness of the proposed approach in reducing magnetic
field emissions while ensuring high power transfer efficiency. Through a comparative
analysis of different array configurations, we highlight the advantages and limitations of
the different solutions developed for a WPT system similar to that standardized by SAE
J2954 [29].

Additionally, we address practical implementation challenges and considerations,
including cost-effectiveness, scalability, and compatibility with existing WPT standards and
infrastructure. By providing insights into the performance and feasibility of using an array
of active cancellation loops, this paper aims to contribute to the development of robust and
environmentally friendly charging solutions for the electric mobility infrastructure.

2. Materials and Methods

A two-coil WPT system with circular coils, as specified by the SAE J2954 standard, is
considered and assumed to be the source of the magnetic field [13]. The array of active
shielding coils is designed to be placed around and coplanar with the primary WPT coil.
This configuration is chosen because the primary coil is considered the main source of
magnetic field emissions in the environment, and installing active shielding coils on the
ground is straightforward.

One possible configuration of the shielding coils is shown in Figure 1. In this config-
uration, the shielding structure consists of an array of N — 2 active shielding coils. The
equivalent circuit can be modeled by N-coupled circuits:

- One primary coil, known in the SAE standard as the ground assembly (GA) coil,
represented by the self-inductance L and self-resistance Ry;

- One secondary coil, known as the vehicle assembly (VA) coil, represented by the
self-inductance L, and self-resistance Ry;

- N — 2 active shielding coils. All N coils can be modeled with a self-inductance L; and
self-resistance R; and are inductively coupled.
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Shielding coils

Figure 1. Equivalent circuit of a WPT system in the presence of N — 2 shielding coils.

The circuit parameters of all N coils can be extracted using an electromagnetic field
solver based on the finite element method (FEM). This field solver can also evaluate the
magnetic field produced by the coil currents [4]. The numerical approach is employed due
to the configuration complexity of the GA and VA coils, which include conductive and
magnetic layers, as described in SAE J2954 [29].

The self- and mutual inductances of the N coils can be extracted from the magnetic
energy, which is generally numerically calculated in the region under examination [4]. The
self-inductance of the i-th coil is calculated as

2W;
2

1

L= (1)

where W; is the magnetic energy produced by the current I; flowing in the i-th coil, while
any other current in the other coils is zero (that is, Iy = 0, with k # i).

The mutual inductance Mj, between i-th and k-th coils is calculated by a two-step
procedure using the following formula [4]:

Wi — Wy

My =
ik 2L1,

()

where

- Wy is the magnetic field energy obtained, assuming I; and I; are flowing in the i-th
and k-th coils, respectively, while in the remaining coils, I, = 0, with h # i and h # k;

- Wjy” is the magnetic field energy obtained, assuming the same current, I;, is flowing
in the i-th coil but an opposite current, -I;, is flowing in the k-th coil, with no current
applied to the other coils, I, = 0, with i # i and h # k.

The coil resistance, R;, of the copper litz wire used for the i-th coil is obtained from
the datasheet [30]. The extraction of this parameter through simulation for the litz wire is
computationally impracticable or very intensive.

The N-coupled coils are described by an N x N impedance matrix [Z], whose generic
coefficient Z is given by

Ri+jwL; Vi =k
Zg=1 " L
ik { jwM Vi#k ®)

Double-sided LCC compensation topology is adopted to operate the WPT system
under resonant conditions according to the circuit shown in Figure 2, where an equivalent
voltage source, Vy, in series with a source resistance, Rs, models the power electronic
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converters upstream of the transmitting coil, and a load resistor, R;, models the power
electronic converters downstream of the receiving coil [4].

Coupled coils
Csi 3 R R, 4 Co Lp 2 I
—’VV\/—*—I
b
" 2§ Ry
fmf\ -

Rs

Figure 2. Equivalent simplified circuit of a WPT system LCC compensation and N — 2 active
shielding coils.

The values of the i-th shunt capacitance C; and series capacitance Cg; of the LCC
networks are, respectively, given by

Cri=1/ (ngﬁ) ie{1,2} @)

Csi = 1/(w3 (Li - Lﬁ)) ie{1,2} )

where L is the series inductance of the LCC compensation network and wy is the resonant
angular frequency.

To improve the efficiency of shielding coils, compensation capacitors Cs; = 1/ (wp?L;)
with i = 3, N are connected in series, and a simplified excitation circuit is adopted for each
shielding coil based on the series of a voltage source, Vg, with a source resistance, Rg,
assuming that all the sources have the same resistance as the transmitting coil.

For the terminations, the following relation holds:

[Vs] = [Vr] + [Z7][I7] (6)

where [Vs] = [V 0 Vgs... Von]' is the vector of the voltage sources, [V1] = [Vr1 Vra.. . V]!
is the vector of the terminal voltages, [I1] is the vector of the N-port terminal currents, and
[Zr1]is the N x N matrix of the terminal impedances given by

Rs 0 --- 0
0 R, -~ 0

[Zr] = : s e @)
0 0 - Rg

Adopting the notation shown in Figure 2, the terminal voltages can also be expressed as
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VT] = V1 +ijflIT1
VT2 = V2 +jWLf21T2

V3 ="V; 8)
VN = W
or in compact matrix form as
[Vr] = [V] + [2]lIr] ©)

where the impedance matrix [Zf] is diagonal, with non-zero terms only fori =1, 2 (i.e., WPT
coils) given by

The voltage vector [V] in (7) can be expressed as
(V] ={[Zc] + [Z]}1] (11)

where the coefficients of matrix [Z] are given by (1), and the matrix [Z(] is diagonal, with
its coefficients given by

B B Frrer Vi=k
ZC1k—{ OCVi;ék . (12)
Introducing (11) and (9) into (6) yields

[Vs] = {1Zc) + 1231 + { (2] + [Z1] } 7). (13)

According to the Kirchhoff current law applied to the circuit in Figure 2, the following
relation between the currents through the terminations and those through the coils can be
derived as

It = h + jwCp Vi

ITZ = 12 +jCUCf2V2
=5 (14)
Itn = In

which can also be written in compact matrix form as
[Ir] = [1] + [Yf][V] (15)

where the shunt admittance matrix [Y/] is diagonal, with non-zero terms only for i = 1,2
(i.e., WPT coils) given by

Introducing (11) in (15) yields

(7] = { (i) + Yyl [Zc) + (2} } 11 (17)

where [1y] is the unit matrix of size N.
By introducing (17) into (13), the following relations between the voltage source vector
and the coil current vector holds:
[Vs] = [Zegl[1] (18)

where the transfer impedance matrix [Z,] is given by

(Zeg) = [Yeq) ™' = {12 + 12+ {12+ [Zel J{10] + Y H{IZd) + 12} } ). 19)
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The currents flowing through the coils, which are the coefficients of vector [I], can be
obtained by (18) and are used to calculate the magnetic field. Additionally, the optimal
value of the voltage source vector [Vs] can also be derived to minimize the average magnetic
field in a given region.

To calculate the magnetic field, the linearity assumption is adopted so that the principle
of superposition holds and the number of field simulations is significantly reduced.

Let us indicate bl(k), the magnetic flux density in a generic k-th point, produced by a
unit current [; = 1 A through the i-th coil, with no currents in other coils (that is, Iy = 0, with
k # i). This function can be expressed in Cartesian coordinates as

k k A A k A A k A A k A k A k A
bf ) — (bl( ) -x>x+ (bl( ) -y)y+ (bl( ) 'z)z = bflx)er bf,y)Y+bi(,z)Z (20)

AN A A
where x, y, z are the unit vectors along the coordinate axes.

When considering M points with k =1, 2, ..., M, we can create 3 column vectors [b; ],
[bi,y] ,and [b; ], one for each component, containing the Cartesian components of the field
produced by the i-th current in the M selected points.

By applying superposition, the magnetic flux density produced by the coil current
vector [I] can be expressed as

[Bx] [b1x] - [bNa]
[[By}] = |[byy] - [bwy] | 1D (21)
[blz] T [sz}

where [By], [By], and [B;] are the Cartesian components vectors of the total magnetic flux
density in the M considered points.

The average value of the squared norm of the magnetic flux density in the considered
region is given by [17,18]

5 1 M 2 1 « * * [BX}
B2 — M}(;HBUOH =3B [By]" [B]"] [[By]] @2)

where the star apex represents the conjugate.

Equation (20) can be used in an optimization algorithm to calculate the value of the
voltage source vector [Vg] that permits the minimization of the magnetic flux density in the
considered region. We start by defining [23,24]

[blx] [bNx]
gl - Nl = |[byy] - [y | [Yeal: (23)
[blz] [sz]

The voltage source vector [Vs] can be expressed as

1
[Vs] = [[ 0 | Vo (24)

IXSH]

where V) is the voltage source applied to the primary coil of the WPT system and [osy] is
a N — 2 column vector containing the gains of the controlled voltage sources applied to
the N — 2 shielding coils, which are assumed to depend on the primary voltage source,
Vo [19,20]. By adopting this notation, (22) can be rewritten as

BuvZZ%([gﬂJr[L%] o [enllasul) " ((g1]+ (s3] lgn)] s Vol (259)
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For an optimization procedure, the objective function can be the minimization of Bg,.
This goal can be achieved by imposing [17,18]

[g1] + [[ga] -+ [en]]lasu] = [0] (26)

therefore, making sure that [19,20]

ws] = —[[ga] -+ [en]]"[a] 27)

where the operator t is the symbol of the pseudoinverse matrix, which is a generalization
of the inverse matrix that provides a best-fit solution to linear equation systems.

Equation (25) provides the gains of the controlled voltage sources that need to be
applied to the shielding coils in order to minimize the average magnetic field. Finally, the
voltage source of the i-th active coil withi =3, 4, ..., N is given by

Vsu,i = ash,iVo- (28)

In WPT systems, the power transfer efficiency n is traditionally calculated as the ratio
of the real power at the output port, P, to the real power at the input port, Py:

_ b

= = 29
=5 (29)
In the presence of active shielding coils, 1 is calculated as
N
n= Pl - 211‘3:1 Ploss,i (30)
1

where Py, ; represents the power loss in the i-th coil [4].

The described procedure is highly effective for calculating the average magnetic
induction value, By, in a region discretized into a grid of points. If the points are located
on a surface, S, it becomes straightforward to compute the magnetic flux as ¢ = By S.
Consequently, the induced electromotive force (emf) can be determined in a circuit whose
path aligns with the contour of the surface, expressed as emf = —jw¢. This capability is
crucial for evaluating induced effects on transmission lines and various types of circuits,
facilitating the prediction of electromagnetic interference (EMI).

If the surface, S, is relatively small, for instance 100 c¢m?, such as that of a magnetic
field probe, this method can be employed to predict the maximum (rms) magnetic flux
density at a specific point. This approach is recommended by SAE J2954 for evaluating
compliance with the reference levels specified in ICNIRP 2010 [31] and ISO 14117 [32] for
electromagnetic interference (EMI) limits in cardiac implantable electronic devices (CIEDs),
which are set at 27 uT and 15 uT at 85 kHz, respectively.

3. Applications
3.1. WPT Systems

The performances and the magnetic field emission are calculated using a demonstra-
tive WPT system. For this test, the worst operational condition is adopted. The maximum
ground clearance level, Z3, allowed by the SAE J2954 standard is taken into account, with
an air gap between the coils in the range 170-250 mm. A larger air gap is the condition in
which the coupling factor is smaller and, therefore, the leakage flux is larger. The GA coil is
supposed to be flush mounted in the ground (z = 0).

Figure 3 shows the configuration of the GA coil, which consists of a planar spiral coil
made of two parallel copper litz wires, each with N1 = 8 turns. The external dimensions of
the coil are w; = 500 mm and /; = 650 mm. Two planar shields are placed under the coil.
A ferrite shield, with the dimensions of wy; = 500 mm and /1y = 650 mm and a thickness
of t, = 5 mm, is used to enhance the magnetic coupling, while an aluminum shield, with
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the dimensions of wq, = 700 mm and [;, = 900 mm and a thickness of f; = 2 mm, is used to
reduce the magnetic field.

GA coil Aluminum shield

Ferrite

Figure 3. Electro-geometrical configuration of the GA coil.

The VA coil, shown in Figure 4, is mounted under a metal mimic pan that sim-
ulates the presence of the conductive bodyshell of the vehicle. The square coil, with
sides of s = 380 mm, consists of a planar spiral coil made of a single copper litz wire with
N; = 8 turns. A square ferrite shield, with sides of sf =380 mm and a thickness of f; =5 mm,
is adopted to enhance magnetic coupling. Additionally, an aluminum shield, with the
dimensions of wy, = 700 mm and l,, = 900 mm and a thickness of ¢, = 2 mm, is used to
reduce the magnetic flux leakage.

vietal mimic pan

Ferrite

Figure 4. Electro-geometrical configuration of the VA coil.

The operational frequency is f = 85 kHz; the output power is fixed to P; = 7.7 kVA
(SAE Power Class 2); and the output voltage is fixed to 400 V. The system is terminated on
a load resistor, Ry, = 10 Q). For the sake of brevity, only the LCC compensation is considered
as it is the most suitable for the coil configuration being considered [29].

The car body is simulated by a square metal mimic pan, with a side length of
lmp =1.5m. It is made of aluminum, with an electrical conductivity of ¢ = 37 MS/m
and a thickness of t; = 2 mm. The mimic pan is placed at a distance of d = 2 mm over the
VA coil.

The maximum misalignment between the coils is used in this investigation: a front—
back offset of Ax =75 mm; a lateral offset of Ay = 100 mm; and a vertical separation between
the GA and the VA coils of Az = 250 mm. This coil configuration represents the worst-case
scenario, according to the SAE standard for the power class considered.

The currents flowing in the GA and VA coils are regarded as being the sources of the
magnetic field. Subsequently, three configurations of the active shielding coils are defined,
featuring two, four, and six shielding coils positioned around the GA coil, as illustrated
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in Figure 5. It is assumed that the shielding coils have, in all cases, only one turn. All the
coils (WPT and shielding) are constructed from the same litz wire (AWG 38), composed of
1260 insulated strands [30].

GA coil
Shielding coil

Shielding coil

(a)

Shielding coils
GA coil

Shielding coils
(b)

Shielding coils g

GA coil

Y\T/_x

()

Figure 5. Proposed active shielding coil configuration: 2 coils (a), 4 coils (b), and 6 coils (c).
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3.2. Electrical Performances

The self- and mutual inductances of the equivalent circuit are calculated by (1) and (2),
respectively, using a 3D numerical simulation software for all configurations considered.
The AC resistances of all the coils are taken from the litz wire datasheet at 85 kHz [30]. The
obtained circuit parameters for the WPT coils are reported in Table 1.

Table 1. Equivalent circuit parameters without active shielding coils.

Ly (uH) Ly (uH) M, (uH) Ry (mQ)) R; (mQ)
47.86 39.93 4.00 22.22 31.51

The procedure described in the previous section is then applied to all the shielding
coil structures. The grid of points used as an input of the algorithm are taken on surfaces
S1 and Sy placed on the exterior of the mimic pan, as shown in Figure 6. All the surfaces
have a size of 1.5 m along x and 0.8 m along z and are placed at a distance of d; = 0.8 m
from the center of the mimic pan.

B

Metallic

150 cm -~ ’
mimic plane

80 cm

Figure 6. Surfaces S; and S, beside the WPT coil configuration where the average magnetic flux
induction is calculated.

The result of the procedure is the assessment of the vector [y ] in (25). The obtained
coefficients of [xgy] for the three active shielding configurations considered are reported in
Table 2. The WPT currents and efficiency obtained with active shielding coils are compared
with those without them, and the results are reported in Table 3.

Table 2. Coefficients of [xgpy] for the three active shielding coil configurations with maximum
misalignment.

XSH

—1.9091 x 1073 +12.7359 x 1073
—1.6459 x 1073 +j1.6536 x 103

~1.0114 x 1072 +3.0928 x 1073
—8.0523 x 107° +705.1594 x 10°
2.8947 x 1073 +j6.0339 x 1073
1.7971 x 1073 +j16.3283 x 1073

1.2087 x 1073 +j1.2649 x 103
~1.8118 x 1073 +5.1854 x 103
1.2390 x 1073 —j1.4751 x 1073
5.7300 x 1073 — j4.8383 x 1073
3.4344 x 1073 +j22.8283 x 1073
8.4429 x 1073 +j7.4163 x 103

2 active shielding coils

4 active shielding coils

6 active shielding coils
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Table 3. System performances with and without active shields.

IT¢1 (A) I (A) n (%)
Without active shielding 94.52 55.00 96.3
2 active shielding coils 94.22 55.00 96.1
4 active shielding coils 94.19 55.00 96.0
6 active shielding coils 94.23 55.00 95.8

3.3. Magnetic Field Mitigation

Finally, the obtained coil currents are used for calculating the magnetic field distribu-
tion. The field distribution is calculated in two parallelepiped volumes placed at the left
and right of the mimic pan, at a distance of 4, = 50 mm from the mimic edge, as shown in
Figure 7.

Figure 7. Volumes beside the WPT coil configuration where the magnetic flux induction is calculated.

The magnetic field distributions inside the volumes are depicted in Figure 8 for
different active shielding coil configurations, and the maximum and average values of the
magnetic flux density are reported in Table 4.

uT

Figure 8. Cont.
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Figure 8. Distribution of the magnetic flux density B (rms) in the volumes without active shielding (a),
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with 2 active shielding coils (b), with 4 active shielding coils (c), and with 6 active shielding coils (d).
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Table 4. Maximum and average magnetic flux density (rms) in the two volumes.
Maximum B (uT) Average B (uT)
Left Volume Right Volume Left Volume Right Volume
No shielding coil 16.635 17.536 2.286 1.818
2 shielding coils 8.198 12.025 1.673 1.473
4 shielding coils 8.640 12.140 1.571 1.421
6 shielding coils 7.783 9.124 1.467 1.305

The obtained results highlight the significant reduction in the magnetic field achieved
by adopting the proposed multicoil shielding configuration. The field in the considered
area can be almost halved when six active shielding coils are used. Furthermore, using
the six-coil configuration, it is possible to reduce the magnetic field where it is strongest,
particularly in the central part of the reference volume (see Figure 8). In this set-up, the
two central shielding coils offer superior shielding performance. In contrast, configurations
with two or four shielding coils cannot target this specific goal as effectively.

Therefore, using two shielding coils is preferable for achieving a moderate reduction in
the magnetic field, while the six-coil configuration allows for a more substantial reduction.
In any case, the obtained values are well below the limits fixed by international regulations,
such as the reference levels (RL) of the ICNIRP 2010 guidelines [31], and are also below
the limit provided by SAE ]J2594 for people with cardiac implantable electronic devices
(CIEDs) [32]. The RL, in terms of the magnetic flux induction at 85 kHz, is 27 uT, while the
limit defined by ISO 14117 is set at 15 puT.

4. Conclusions

An innovative shielding solution based on an array of active coils for automotive
wireless power systems has been presented. This approach effectively minimizes the
magnetic field produced by a wireless charging system designed according to the SAE
standard, while avoiding overall efficiency degradation, which is crucial for intentional
magnetic field sources, such as WPT coils. The use of multiple shielding coils allows for
precise field mitigation across the entire area around the system. The paper provides a
detailed description of the theoretical and methodological aspects of an array of active
shielding coils applied to a WPT system with double-sided LCC compensation, including
the necessary equations, allowing the readers to easily apply the proposed method.

The effectiveness of the proposed procedure has been numerically tested considering
the worst-case scenario for the wireless charging of EVs in terms of coil separation and
misalignment. The results show that the magnetic field in the most critical areas beside the
EV can be significantly reduced with a minimal drop in efficiency, even when accounting for
the power needed by the shielding coils. The reduction in the power transfer efficiency was
0.3% when using two or four active coils and 0.5% when using six active coils. Meanwhile,
the magnetic field was nearly halved in all tested configurations with the proposed arrays
of active coils. Therefore, using four active coils represents the best compromise between
maintaining efficiency and reducing the magnetic field. Future work will include the
realization of a demonstrator to validate the system in a real scenario.

Finally, the proposed approach can be easily adapted for different configurations of
WPT and shielding coils.
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