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Abstract: Electric vehicles (EV) are now considered the present and future of road transportation to
reduce the emission of CO2 into the environment and thus progressively reduce global warming
and climate change. However, EVs currently have some weaknesses such as the available range of
battery-powered EVs and the recharging time of the batteries. To overcome these problems, some
electrification projects have been proposed for road transportation such as the dynamic wireless power
transfer (DWPT), where an EV charges as it moves along an electrified lane using magneto-resonant
coupling between short tracks mounted on the road pavement and the vehicle’s onboard pickup
coils. While the results are encouraging from an electrical point of view, there is concern regarding
the magnetic field in the environment produced by the DWPT coils, which can produce adverse
health effects in humans and electromagnetic interference (EMI) in electronic devices. The latter also
includes implantable medical devices (IMDs) and in particular cardiac implantable electronic devices
(CIEDs), which may be present among vehicle passengers and pedestrians in areas surrounding the
vehicle. The aim of this study is the numerical analysis of the EMI produced by a DWPT system in
CIEDs with leads such as pacemakers, implantable cardioverter defibrillators (ICDs), etc. EMI is
mainly produced by the incident magnetic field and the induced voltage at the input port of a CIED;
therefore, in this work the magnetic field levels produced by a DWPT system operating at 85 kHz are
calculated first, then the voltage at the input port of a pacemaker is evaluated as that produced by
the magnetic field incident on the loop surface formed by a lead implanted in the venous system.
According to ISO 14117 standard, it is assumed that the lead loop is planar, semicircular in shape and
with an area equal to 225 cm2. Since the lead can be placed anywhere where a human can be and
with any orientation, an innovative and sophisticated roto-translation algorithm is proposed to find
the maximum value of the peak-to-peak induced loop voltage in the most critical regions inside the
vehicle cabin and beside the vehicle near the DWPT coils. The preliminary results obtained show
that there is no EMI risk inside the vehicle for the passengers with CIEDs, while some concern for
pedestrians is due to the induced voltage at the input port of a CIED with unipolar leads which can
exceed the ISO 14117 limit in the region next to the vehicle.

Keywords: automotive; cardiac implantable electronic device; dynamic wireless power transfer;
electric vehicle; electrified transportation; electromagnetic compatibility; electromagnetic interference;
magnetic field; pacemaker; wireless power transfer

1. Introduction

Battery-powered electric vehicles (EVs) will play a major role in the future of road
transportation. However, the EV battery is expensive, heavy and takes a long time to
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charge. To reduce the size and cost of the battery, an attracting idea is to charge it as the EV
moves along an electrified lane. WPT (Wireless Power Transfer) technology [1–4], which
relies on inductive coupling between a road surface-mounted coil and a vehicle-mounted
coil, makes this possible [5–26]. The technology for vehicles in motion is known as dynamic
WPT (DWPT) and is much more challenging than stationary WPT, which operates only
when an EVs is parked. With DWPT technology, the range of electric vehicles can be very
long and practically infinite because the battery can be recharged while driving. Therefore,
a large on-board battery capacity is not needed to extend range, drastically reducing cost
and weight of EVs [12–14]. In the recent past, several studies were addressed to improve
the electrical efficiency of DWPT systems [15–19] or to mitigate the power hole during the
vehicle motion between adjacent short-track coils in the ground [20–23]. Other studies were
focused on the reduction of the magnetic field emission [24,25].

Planning infrastructure for an electrified road faces a number of challenges. One
crucial factor is the electromagnetic pollution caused by currents flowing through the
coils of the DWPT system, which can create a strong time-varying magnetic field in the
environment. This field can produce adverse health effects in humans and electromagnetic
interference (EMI) in electronic devices, including implantable medical devices (IMDs) and
in particular cardiac implantable electronic devices (CIEDs). Potential victims are people in
the immediate vicinity of the vehicle during wireless charging, who are mainly pedestrians,
bystanders and vehicle passengers. This work is aimed at analyzing the possible interaction
in terms of EMI between the magnetic field produced by a DWPT system and CIEDs with
leads such as pacemakers, implantable cardioverter defibrillators (ICDs), etc. For people
with cardiac dysfunction, the use of CIEDs is steadily expanding and therefore increases
the risk of EMI [26–30]. In fact, a CIED may malfunction, become damaged or overheat due
to critical EMI [31–33]. Therefore, prior to large-scale implementation of DWPT systems, a
thorough investigation of the intermediate frequency (IF) electromagnetic fields generated
by DWPT systems is required to assess any risks to patients with CIEDs.

The main purpose of current EMC standards such as ISO 14117 [31] is to prevent EMI
in the electronic circuits of CIEDs. A magnetic field generated by a DWPT system can
induce voltage on the loop created by the conductor such as pacing leads in a pacemaker.
Furthermore, the incident magnetic field can directly generate EMI on the CIED. The ISO
14117 standard is primarily designed to protect a CIED from exposure to an electromagnetic
field that can induce currents from the lead into the heart causing local fibrillation or heating,
inducing voltage in the lead that can damage the CIED and inducing voltage in the lead
that can prevent the CIED from correctly monitoring the intrinsic heart signal (ECG) [31].

For the reasons mentioned above, a key factor for the development of the next genera-
tion DWPT systems for EVs is the control and mitigation of the magnetic field emitted in
the environment which can be responsible for EMI in CIEDs. The solution of this issue is
not easy as a reduction in the magnetic field may have a negative impact on the inductive
coupling between the coils, reducing electrical performance of the DWPT system. Fur-
thermore, the mitigation of IF electromagnetic fields is still an open issue. However, the
characterization of the magnetic field in and around the vehicle and nearby the electrified
road is of primary importance.

In this study, a DWPT system having the configuration proposed in the Fabric Project
is adopted as magnetic source [34]. The architecture of this DWPT system is based on
rectangular-shaped short-track primary (transmitter (Tx) or ground assembly (GA)) coils
mounted in the road pavement and powered in AC at 85 kHz. Each EV is equipped with a
pick-up (receiver (Rx) or vehicle assembly (VA)) coil connected to a rectifier to charge the
internal battery and can draw up to 10 kW. The coupling factor between the coils is not
fixed but is variable due to EV movement. The configuration of a GA coil and a VA coil
is analyzed by an electromagnetic field solver considering different reciprocal positions
of the coils along the axis of the lane and on the lateral axis. The worst cases in terms of
magnetic field levels are recorded for different coil misalignments and types of cars in terms
of shape and body material. The calculated magnetic field is compared with the standard
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limits. Furthermore, the voltage induced in a normalized lead loop (with a surface area of
225 cm2 and semicircular shape) is calculated for any position and orientation of the loop
in the critical regions where the magnetic field is maximum. These kinds of calculations,
based on many thousands of roto-translations of the lead loop, require a very sophisticated
algorithm as described in detail in the next sections. Finally, the simulated results in terms
of EMI for CIEDs are shown for different EV/DWPT configurations.

2. DWPT System
2.1. DWPT Configuration

In the DWPT system, the electric power has to be transferred when the vehicle is in
motion, so not just a single transmitter is adopted but typically there are several transmitting
coils mounted on the road pavement and activated in sequence [35]. In recent years,
two different transmitting architectures have been developed for DWPT systems: The first,
called long-track DWPT, adopts a very long transmission coil (much longer than the length
of the vehicle). The second, called short-track DWPT, adopts a large number of small GA
coils activated in sequence. A sketch of the operation of the two architectures is shown in
Figure 1. The main advantages of the long-track architecture are the possibility of having a
very smooth and uniform power transfer during the motion of the vehicle and an easier
installation of the system since it is possible to electrify a long track of the road with only
a single coil and an electronic unit. On the other hand, the main problems are the high
level of the magnetic flux leakage due to the very large difference in dimensions between
the GA and VA coils. Flux leakage leads to a reduction in electrical efficiency and also to
significant electromagnetic compatibility (EMC) and electromagnetic field (EMF) safety
issues as pedestrians can be directly exposed to the magnetic field.

Figure 1. DWPT coil architecture: Long-track architecture (a) and short-track architecture (b).

For short-track systems, the main benefits are maximizing efficiency and power trans-
fer due to good coupling between coils. Leaked magnetic flux is also reduced and conse-
quently EMF safety and EMC problems are reduced. On the other hand, the short-track
architecture is more complicated as more coils and related electronic units are needed to
cover the same length of road compared to the long-track solution. The last drawback is
the discontinuity of the transferred power due to the passage between one transmitting
coil and the next during the EV movement. The maximization of the efficiency and the
reduction of the EMF safety problem make the short-track DWPT today the most promising
but also the most complex solution. However, there are some important points that need
to be considered before adopting this solution. First, the size of the GA coil is a critical
parameter, as a shorter GA coil allows high levels of efficiency, but the EV can only be
powered for a short distance comparable to the length of the coil. Conversely, a longer
GA coil allows for high transmission coverage but with reduced efficiency, due to high
magnetic flux leakage. In addition to the size of the individual VA coil, another critical
aspect is the separation between adjacent GA coils along the way (x-axis in this study). To
operate the system in optimal conditions, the GA coil turns on only when the VA coil is
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sufficiently aligned with the GA coil itself. Therefore, in the gap between two adjacent GA
coils, the VA coil is not energized.

To analyze the magnetic coupling between a GA coil and a VA coil, it is important
to consider the movement of the EV, which leads to a continuous change of the coupling
factor between the coils. However, from an electrical point of view, the coupling factor
variation in a DWPT system can be modeled as a time sequence of static configurations of
coils, each characterized by a coil misalignment dependent on the EV position, which is
related to the EV speed. In fact, the movement of the vehicle is extremely slow if compared
with the time period of the DWPT system, which depends on the working frequency. The
time period at the resonant frequency of 85 kHz is equal to 11.7 µs; therefore, in this time
a vehicle traveling at 60 km/h only moves 0.2 mm, which is a negligible distance when
compared to the size of the coils. Thus, we can analyze the DWPT system as static with a
discrete sequence of different coil positions without directly considering EV movement.
Furthermore, in short-track systems only one transmitting coil is activated at a time, when
the presence of the vehicle is detected and the coupling with the receiver is greater than a
pre-set value.

2.2. DWPT Equivalent Circuit

The study of the system considering only one GA coil and one VA coil in different
discrete positions allows an analysis of the DWPT system as a traditional stationary WPT
considering different misalignment positions. The operating principle is based on the
magnetic coupling between a GA coil and a VA coil installed under the vehicle body. The
transmitter unit is composed of an electronic unit which transforms the input voltage of
the electrical network into a high-frequency AC voltage to power the coil. A compensation
network is used on both the GA and VA coils to achieve the resonance condition in order
to improve the electrical performance. On the receiving side, the VA coil is connected to
the compensation network and to a rectifier, which transforms the high-frequency voltage
into direct voltage used to recharge the battery [36–43]. For the analysis of the magnetic
coupling and system performances, an equivalent simplified circuit can be adopted, as
shown in Figure 2. The GA electronic unit is modeled as a sinusoidal voltage source Vs in
series with the resistance RS and the load is modeled with the resistance RL.

Figure 2. Equivalent circuit of a WPT system with SS compensation.

The coils are modeled with self resistances, RGA and RVA, and self inductances, LGA
and LVA, for the GA and VA, respectively [44,45]. The coupling factor k between the coils is
defined as:

k =
M√

LGALVA
(1)

where M is the mutual inductance which depends on the variable reciprocal position of
the coils due to the EV movement. However, as mentioned above, it assumes a number of
static setups with different coil configurations.
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Different compensation topologies can be adopted: one of the most common is based
on capacitors connected in series on both the GA and VA coils, which is called series-series
(SS). A significant advantage of SS compensation is that the capacitor values depend only
on the self-inductances of the coil and not on the mutual inductance. This aspect is very
important in a DWPT system where there is a continuous variation of the coupling factor k
with time. The calculation of the compensation capacitors can be found in [1].

The output power P2 (i.e., the real power transferred to the load RL) and the system
efficiency η are the main quantities defining the electrical performance of a WPT system.
They can be predicted from equivalent circuit analysis. The efficiency η is defined as:

η =
P2

P1
(2)

where P1 is the real power at the input port of the equivalent circuit.
The magnetic field produced by the coil currents is calculated by tridimensional (3D)

simulations using numerical software based on the finite element method (FEM) to solve
the magneto-quasi-static (MQS) field equations. The self and mutual inductances of the
coils (LGA, LVA and M) are then extracted from the magnetic energy Wm stored in the
computational domain as described in [46].

The coils are made of litz wire [47]. Since the numerical modeling of this type of wire
is exceedingly complex and prone to error, the AC resistances of coils made with litz wires
(RGA and RVA) are obtained from technical datasheet. Usually, the AC resistance of an
adequate litz wire is not very different from the DC resistance.

It should be noted that as the mutual inductance between the coils is a function of the
reciprocal position of the coils on the three rectangular axes, it can thus can be expressed
as M(∆x, ∆y, ∆z), when ∆x, is the separation between the centers of the GA and VA coils
along the road axis, ∆y is the lateral misalignment and ∆z is the vertical misalignment
which is nearly the ground clearance. In stationary WPT systems, the mutual position of
the coils does not change throughout the charging process. In DWPT systems, there is a
continuous variation of the mutual position of the coils, mainly on the x-axis which is the
direction of vehicle movement. In the following, to reproduce the movement of the vehicle,
several discrete values of ∆x are taken into account, while the worst-case condition (i.e.,
maximum coil misalignment) is considered in terms of lateral offset (maximum ∆y) and
vertical separation (maximum ∆z).

As the mutual inductance is variable with mutual positions of the coils, M = M(∆x,∆y,∆z),
the efficiency in (2) is given by:

η(∆x, ∆y, ∆z) =
P2(∆x, ∆y, ∆z)

P1(∆x, ∆y, ∆z)
=

ω0
2 M(∆x, ∆y, ∆z)

2(
1 + RVA

RL

)(
RGARVA + RGARL + ω02 M(∆x, ∆y, ∆z)

2
) (3)

where ω0 = 2πf 0 is the angular frequency at resonance.
To predict the magnetic field, it is important to first calculate the coil currents using

equivalent circuit analysis, and then those currents can be imposed as sources in the
magnetic field simulation. For each configuration of the coils, i.e., for each value of
M(∆x,∆y,∆z), a field simulation must be carried out.

3. Mathematical Method
3.1. System Configuration

It is of the utmost importance that the magnetic field produced by automotive WPT
systems complies with the ICNIRP reference levels for EMF safety [48,49]. The most critical
areas in automotive DWPT systems for humans are inside the vehicle cabin, mainly at
the bottom near the coils or outside near the short-range coils, while the area under the
vehicle between the coils cannot be considered due to the movement of the electric vehicle;
therefore, in this case, the greatest risk is not the electromagnetic field exposure but the
much more serious case of a pedestrian being hit by the moving car.
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The magnetic field creates risks of EMI in CIEDs, especially in those devices with
leads such as pacemakers and ICDs. In the latter devices, the time-varying magnetic field
induces a voltage by Faraday’s law of induction on the loop formed by the lead path. At the
frequency of 85 kHz, the low frequency approximation can be calculated and the following
equations can be used for simulating the considered configuration:

∇×H = J (4)

∇ · J = 0 (5)

J = σE + jωεE + Jext (6)

B = ∇×A (7)

E = −jωA−∇V (8)

where J is the current density, E is the electric field, H is the magnetic field, A is the magnetic
vector potential, Jext is the external current density source, B is the magnetic flux density, V
is the electric potential, σ is the conductivity and ε is the electric permittivity.

The induced voltage V in a loop can be calculated by Faraday’s law of induction by:

V = −jωφ (9)

where ω = 2πf is the angular frequency when f is the frequency; φ is the magnetic flux
produced by the WPT coils and linked with the lead loop area S within the human body
by:

φ =
∫
S

B · n dS (10)

where n is the normal unit vector to the surface S or in terms of magnetic vector potential
by:

φ =
∮
Γ

A · tdΓ (11)

where Γ is the closed boundary of the loop area S and t is the tangent unit vector to Γ.
In CIEDs with unipolar leads such as pacemakers or ICDs, the cathode is the tip of

the lead connected to a chamber of the heart while the anode is the metal casing of the
CIED itself. Therefore, for a lead exposed to an incident magnetic field, the lead loop area
will collect an incident magnetic flux which will produce an electromotive force V due to
Faraday’s law of induction at the input port of a CIED. Then, the first problem is to identify
the loop area S that depends on the lead path in the venous system. This area plays a
significant role in the calculation of the magnetic flux in (10) and is relatively large only for
unipolar leads, while it is small for bipolar leads. Furthermore, S depends on the length of
the lead (from the device to the lead tip in the atrial or ventricular heart chamber) implant
location (left pectoral or right pectoral), as shown in Figure 3. An implanted lead creates an
open loop, so to uniquely identify a closed surface the open loop is closed by a segment line
connecting the device with the lead tip [31]. This segment line represents an ideal current
return path. Finally, the lead loop is generally not planar. However, to simplify the study
due to the high variability of implants and body conformations, the loop area has been
standardized where S is planar, with 225 cm2 effective area and with a semicircle shape.
Prediction of the maximum induced voltage V on the effective loop area S by (9)–(10) is
one of the primary goals of the proposed work.
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Figure 3. Sketch of a CIED with a lead and possible current return path (a). Effective lead loop area
and standardized loop area S (b).

3.2. Magnetic Flux Calculation

The magnetic field distribution is calculated by solving the equations in (4)–(8) in the
field domain configuration of a DWPT system in the presence of the vehicle body. After
calculating the magnetic field, it is possible to compare the results obtained with the AC
magnetic field limit of ISO 14117 given in terms of the rms magnetic field set at 150 A/m
for frequencies up to 100 kHz. It should be noted that 150 A/m corresponds in the air to
188.5 µT, which is higher than the ICNIRP 2010 reference level set at 27 µT at 85 kHz for the
protection of the general public from AC magnetic fields [48]. It means compliance with
ICNIRP 2010 ensures compliance with ISO 14117 for exposure to AC magnetic fields.

For EMI protection, after evaluating the maximum magnetic field, we also need to
calculate the maximum induced voltage V in a lead loop area. Formula (9) is very simple,
but calculating the flux φ in (10) is not easy at all. First, we adopt a planar semicircle loop of
area S = 225 cm2. However, the main difficulty in the calculations is that the semicircle area
S can be located anywhere in the computational domain where people can be and oriented
in any direction. Even using a discrete grid of points in the computational domain and
orienting the semicircle loop area S by discrete rotation steps along the three orthogonal
directions, the number of the simulations to find the maximum V remains very large.
Therefore, the computational cost of the procedure is too high if we have to carry out a
field simulation for any coil position and orientation. To minimize the calculation effort,
our idea is to perform the calculation of the magnetic flux φ in the post-processing phase
after the field solution. As roughly depicted in Figure 4, the boundary Γ of the semicircle
loop can be discretized in segments of length lk. In order to acquire the new position P′(x′,
y′, z′), any point P(x, y, z) on the discretized boundary Γ of the loop can be roto-translated
as follows: x′

y′

z′

 = [T]

x
y
z

+

x0
y0
z0

 (12)

where x0, y0, z0 are the translation coordinates and the rotation matrix [T] is given by:

[T] =

cos θz − sin θz 0
sin θz cos θz 0

0 0 1

 cos θy 0 sin θy
0 1 0

− sin θy 0 cos θy

1 0 0
0 cos θx − sin θx
0 sin θx cos θx

 (13)
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where θx, θy, θz are the rotation angles.

Figure 4. Lead loop with discretized boundary (a). Roto-translation of the loop area (b).

The calculation of the magnetic flux linkage φ in the loop area is then carried out
by (11) using the magnetic vector potential A calculated at any point P′(x′, y′, z′) on the
roto-translated loop boundary discretized into n point.

For the considered semicircular shape of the loop, assuming that the loop lies in the xy
plane, the rectangular coordinates of a point Pk on the semicircle boundary can be expressed
by a parameterized curve as: 

xk = r cos(uk)
yk = r sin(uk)
zk = z0

(14)

where r is the semicircle radius and z0 is the height on the vertical axis. The angle uk is
identified by n points on the semicircular line defined in the interval [−π/2, π/2]. The
tangent is then given by: 

tx,k = − sin(uk)
ty,k = cos(uk)
tz,k = 0

(15)

Then, m points on the segment line between the first and last point of the semicircle
are added to close the loop. For each of the m points, the relative tangent component is
chosen accordingly.

The magnetic flux in (11) can be approximated by:

φ ≈
n+m

∑
k=1

Atklk (16)

where lk is the length of the k-th line segment between points Pk(xk, yk, zk) and Pk+1(xk+1,

yk+1, zk+1) given by lk =
√
(xk+1 − xk)

2 + (yk+1 − yk)
2 + (zk+1 − zk)

2, and Atk is the com-
ponent of the magnetic vector potential tangent to the k-th segment calculated by:

Atk =
1
2
(Ak · tk + Ak+1 · tk+1) (17)

The magnetic flux φ and the induced voltage V are calculated for each possible position
of the lead loop, applying the roto-translation Formulas (12) and (13).

The accuracy of the program has been tested for validation, considering the simple
case of a cubic domain excited by a spatially constant magnetic field. The solution obtained
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with the proposed procedure is compared with the analytical solution. We considered
nine different rotation angles for each coordinate axis, with steps of 40◦, for a total of
93 = 729 rotations. Therefore, we need to carry out 729 iterations of the algorithm, one for
each position of the lead loop in the computational domain. We considered three possible
excitation cases: (#1) Hx = 100 A/m, Hy = Hz = 0; (#2) Hx = 0, Hy = 100 A/m, Hz = 0; (#3)
Hx = Hy = 0, Hz = 100 A/m. The considered loop area is a semicircle having a radius equal
to r = 11.97 cm. The comparison between the solutions of the analytical method and the
one proposed is reported in Table 1 in terms of maximum induced voltage Vmax, where the
results obtained are excellent.

Table 1. Maximum induced voltage Vmax on the lead loop for a spatially constant magnetic field.

Analytical Proposed Method

x-axis 1.492872 V 1.492868 V

y-axis 1.492872 V 1.492879 V

z-axis 1.492872 V 1.492930 V

4. Results
4.1. DWPT Coils

The proposed method was applied to a DWPT system based on the same short-track
architecture as that of the FABRIC Project [34], with an operational frequency of 85 kHz
and power transmission up to 10 kW for each vehicle. The coupler was composed using
a rectangular GA coil with size lGA = 150 cm and wGA = 50 cm and a rectangular VA coil
with size lVA = 50 cm and lVA = 60 cm. The system can operate at a vertical separation
distance up to ∆z = 20 cm: this value was adopted in all the simulations presented in the
following as it represents the worst-case condition on the z-axis. On the VA coil, two ferrite
blocks were adopted with rectangular shape of dimensions 15 cm × 25 cm and thickness
0.5 cm. The use of the ferrite block permitted mitigation of the magnetic field and reduction
of the negative effect of the metal body of the vehicle on the magnetic coupling between
the coils [22]. Both coils were composed using 10 turns. To reduce losses, the coils were
assumed to be made with a litz wire. The misalignment between VA and GA coil was ∆x
on the x direction and ∆y on the y direction, as shown in Figure 5.

Figure 5. Electromagnetic configuration of the WPT coil system with a lateral active coil.
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To calculate the coil currents, which are the sources of the magnetic field, a realistic
configuration of power electronic systems was considered. On the transmitting side, the
sinusoidal voltage source of the equivalent circuit was replaced by a full-bridge inverter
while the load resistance was replaced by a full-bridge rectifier and lithium battery. The
full-bridge inverter was modeled by adopting the FCA76N60 MOSFETs. On the receiving
side, a full-bridge diode rectifier was connected at the output of the compensation network
to convert the high-frequency voltage to a DC voltage [50]. Schottky diodes were used to
reduce conversion losses. In all simulations, the charging power was kept fixed at 10 kW.

4.2. Magnetic Field Calculation

Two simplified types of cars equipped with coils were modeled using computer-aided
design (CAD) software. The first model is a small vehicle, while the second model is a large
vehicle, as shown in Figure 6. The external dimensions of the vehicles were: la = 3.2 m,
wa = 1.75 m and ha = 1.6 m for the small vehicle and lb = 5.2 m, wb = 2.0 m and hb = 2.1 m
for the large vehicle. The characterization of the car chassis is very important as it acts as a
conductive shield, which significantly modifies the distribution of the magnetic field. For
both car models, it was assumed that the chassis was made of aluminum with thickness
tch = 2 mm and conductivity σal = 3MS/m. Since the fine discretization of the metal chassis
requires a very large number of finite elements to account the skin effect, the vehicle
body was modeled by adopting the transition boundary conditions (TBC) [51–54], which
eliminates the finite element discretization inside the metallic layers. TBCs are applied to
internal surface boundaries to model the field discontinuity produced by a thin layer of a
highly conducting medium.

Figure 6. Vehicle body: small car (a), large car (b).

The effect of the earth conductivity on the magnetic field distribution at the considered
frequency has been neglected as the penetration depth in the earth at 85 kHz is approxi-
mately in the range 20–50 m, which is a much greater distance than the coil dimensions.

The magnetic field simulations were carried out by the commercial software COM-
SOL [55]. Both coils have been modeled using the “Coil” function. The coil currents IGA
and IVA obtained from the circuit analysis were imported into COMSOL and injected into
the coils as source currents [56]. The whole model considering the large car was discretized
into 215,142 tetrahedral elements.

A first analysis was addressed to perform a comparison between the two car models in
terms of magnetic field behavior. For this analysis, the VA coil was assumed to be perfectly
aligned with the GA coil on x direction ∆x = 0 mm while the maximum lateral misalignment
was considered on y direction (∆y = 150 mm). Since the aluminum bodyshell acts as a
conductive shield, the first step was the calculation of the coil self and mutual inductances
for each of the two types of cars. Then, the electrical circuit was solved to calculate the
coil current IGA and IVA for both car models. The calculated electrical parameters are
reported in Table 2 for ∆x = 0 and ∆y = 150 mm assuming a fixed transferred power equal
to P2 = 10 kW. The corresponding magnetic field distributions on the xz and yz planes are
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shown in Figure 7. A validation of the proposed numerical approach by measurements can
be found elsewhere [30,44].

Table 2. Lumped circuit parameters.

Material EV Size L1
(µH)

L2
(µH)

M
(µH)

IGA
(A)

IVA
(A) η

Aluminum
Small 228 80 14 45.2 30 0.94

Large 228 81 13.2 46.6 30 0.93

Figure 7. Magnetic field distribution in dBT for small car (a) and large car (b).

As can be seen, the electrical circuit parameters were not significantly influenced
by the vehicle dimensions. On the contrary, with the smaller car there was a significant
increase in the magnetic field beside the vehicle where pedestrians might be, due to the
possible reduction of the distance between the sidewalk and the coils, and for passengers
in the cabin, due to an increase in the magnetic field coming from the apertures in the
chassis of the car (i.e., windows) [57–62]. Therefore, the small vehicle was selected as
the worst-case scenario in the following analysis. To simulate the motion of the vehicle,
different positions of the VA coil with respect to the fixed GA coil were considered. Five
points were considered for x-axis misalignment (∆x = 100, 200, 400, 500, 600 mm), while
the lateral offset was taken as fixed at ∆y = 150 mm and the vertical distance was taken as
fixed at ∆z = 200 mm. The results obtained in terms of electrical quantities are reported
in Table 3.
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Table 3. Electrical quantities of the circuit for several positions on the x axis.

Position Distance ∆x
(mm)

L1
(µH)

L2
(µH)

M
(µH)

IGA
(A)

IVA
(A) η

1 100 228 83 12.9 48.7 30 0.92

2 200 228 83 13.1 46.9 30 0.93

3 400 228 83 13.2 45.1 30 0.94

4 500 228 83 12.9 47.3 30 0.93

5 600 228 83 9.2 52.1 30 0.89

The results demonstrates that Position #5 represented the worst case, as a higher
current was needed on the GA coil to keep the output power fixed at 10 kW. This condition
was selected for the following analysis on EMI in CIEDs.

The magnetic flux density map for Position #5 (∆x = 600 mm, ∆y = 150 mm, ∆z = 200 mm)
is reported in Figure 8. The figure also shows the isolines of the reference levels of the
ICNIRP 1998 (Bmax = 6.25 µT) [48] and 2010 (Bmax = 27 µT) [49] guidelines. An exceeding of
the reference level can be noted in the area beside the vehicle where pedestrians might be.
Since the ISO limit of 188.5 µT is greater than the ICNIRP reference levels, any precautionary
measure for the protection of the general public from adverse health effects produced by
incident magnetic fields will also be precautionary for EMI in CIEDs, at least for AC
magnetic fields. However, EMI in CIEDs can also be produced by induced voltage. Then,
the induced voltage on a pacemaker lead can be calculated by adopting the proposed
method as described in Sections 3.1 and 3.2 Specifically, two regions were considered for
this calculation: Region #1, which is inside the cabin where the passengers are located, and
Region #2, which is beside the vehicle where pedestrians may be, as shown in Figure 9
where the two regions are depicted in green and blue volumes, respectively.

Figure 8. Magnetic field distribution for the small car and worst case coil misalignment: xz cut-plane
(a) and yz cut-plane (b). (Reference levels of the ICNIRP 2010 and 1998 are depicted in thick red and
blue lines, respectively).

Region #1 coincides with the cabin volume while Region #2 is a parallelepiped volume
with length lv = 3 m, height hv = 2 m and width wv = 1 m. The minimum lateral distance from
the box to the vehicle body is dc = 15 cm. The proposed algorithm discretizes Region #1 into
grid points with 10 steps per axis for a total of 103 = 1000 points. The rotations on the three
rectangular axes were performed with steps of θ = 30◦; therefore, the maximum error was
acceptable as it was around 4% being cos(30◦/2) = 0.96 and the number of calculations was
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limited. The number of rotations for each point and for each axis was equal to 180◦/30◦ = 6
for the symmetry of the semicircle area S; therefore, the total number of rotations per point
was 63 = 216. By applying the proposed algorithm for all 1000 points in the Region #1,
the total number of roto-translations was 216,000. For each of the 216,000 possible lead
loop area positions, the magnetic flux φ and hence the induced voltage V were calculated
from (10b) and (9), respectively. A similar algorithm was also applied to Region #2. The
maps of the calculated rms-induced voltage V are shown in Figure 10 for Region #1 and
in Figure 11 for Region #2. The maximum value of the induced voltage V for each lead
loop area position was recorded to find the maximum value and then compared to the ISO
14117 limit fixed to the peak-to-peak voltage to Vpp = 510 mV, which for a sinusoidal wave
coincides to an rms value of V = 180.3 mV.

Figure 9. Regions selected for the calculation of the induced voltage on the lead loop area.

Figure 10. Maps of the rms-induced voltage V in Region #1.
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Figure 11. Maps of the rms-induced voltage V in Region #2.

The results obtained show that for Region #1 inside the cabin, the induced voltage
V in any position was well below the maximum voltage limit set by the ISO standard at
the considered frequency, with a maximum value of Vmax = 5.4 mV. However, the highest
values were found in the right rear corner of the cabin due to the misaligned coil condition
and window position. It means that the aluminum car body is a very good shield at 85 kHz
and the magnetic field enters the cabin mainly through the windows. Therefore, the points
close to the windows, especially those at the bottom, are the most exposed to the magnetic
field and consequently to the voltage induced on the lead loop area.

The situation for Region #2 was decidedly worse, where the maximum calculated
rms value was Vmax = 314 mV, which greatly exceeds the limit of the ISO standard equal
to 180.3 mV as the rms value. As can be seen from the induced voltage distribution, the
highest values were obtained near the coils of the WPT system, which is very close to the
ground. Although pedestrians are generally standing rather than lying next to the DWPT
coils, the induced voltage values are not entirely reassuring and it is advisable to take
precautionary measures to avoid any risk for pacemaker wearers and apply magnetic field
mitigation techniques [62–64].

5. Conclusions

DWPT technology is very attractive for recharging the battery of EVs in motion.
However, one of the biggest problems is the emission of a strong magnetic field in the
environment which can produce adverse health effects on exposed people and EMI in
nearby electronic devices. Here, we performed a deep numerical investigation of EMI
in CIEDs produced by a short-track architecture of a DWPT system operating at 85 kHz
and delivering 10 kW of power to each EV while recharging. In CIEDs with leads, the
EMI is mainly produced by AC magnetic field and induced voltage on the lead loop area.
Therefore, first we characterized the behavior of the magnetic field by simulation and then
we calculated the induced voltage at the input port of the CIED. For the first aspect, we
found the worst-case configuration due to vehicle size and variable position of coupled coils
due to EV motion for a DWPT system with a similar configuration as in the FABRIC Project.

To predict the induced voltage on the lead loop area, we presented a new procedure
by post-processing the magnetic field obtained from the worst-case coil configuration. We
discretized the most critical regions (i.e., cabin and beside the vehicle) in a grid-point cloud
with a spatial step of a few centimeters and for each point we applied 216 rotations along
the three orthogonal axes of the lead loop area assumed to be semicircular in shape and



Energies 2023, 16, 3822 15 of 17

with an area equal to 225 cm2, according to the ISO 14117 standard. For every position, we
calculated and recorded the magnetic flux linked with the lead loop area and then also the
induced voltage.

The results obtained are preliminary and by simulation. However, we can observe
that pacemaker wearers have no EMI risk inside the passenger cabin, even for a small car
without the rear trunk and therefore with more exposed to the magnetic field entering
through the rear window. On the contrary, the induced voltage greatly exceeded the ISO
14117 limit in the region beside the vehicle. This is a major problem, especially on sidewalks
in urban settings, which can be addressed by adopting precautionary measures and/or
mitigation techniques to reduce the magnetic field strength and consequently the induced
voltage on the input port of a CIED, which can produce EMI.
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