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Abstract: The aim of this study is to predict the electromagnetic interference (EMI) effect produced
by a dynamic wireless power transfer (DWPT) system on a buried multiconductor signal cable. The
short-track DWPT system architecture is here considered with an operating frequency of 85 kHz and
maximum power transferred to an EV equal to 10 kW. The EMI source is the DWPT transmitting
coil which is activated when a vehicle passes over it. The electric and magnetic fields in the earth
produced by the DWPT coil currents are calculated numerically using the finite elements method
(FEM). These fields are then used to derive the voltage and current sources that appear in the field-
excited multiconductor transmission line (MTL) model, used for the buried shielded cable. The
MTL is analyzed considering the first ten harmonics of the current. The currents and voltages at the
terminal ends are calculated considering the wireless charging of a single electric vehicle (EV) first,
and then the simultaneous charging of 10 EVs which absorb a total power of 100 kW. The preliminary
results reveal possible EMI problems in underground cables.

Keywords: wireless power transfer (WPT); dynamic wireless power transfer (DWPT); electro-
magnetic interference (EMI); conducted emission (CE); multiconductor transmission line (MTL);
e-mobility

1. Introduction

The development of dynamic wireless charging for electric vehicles (EVs) is a key
aspect for the future of autonomous transportation systems. Nowadays, the EVs are
recharged when the vehicle is stationary, e.g., parked in a garage at home or in a charging
station located along the road, and the electricity is transferred from the electric grid to
EVs mainly using a plug-in connection. Currently, the main limitation of EVs is the limited
energy that can be stored in the battery. This results in a limited range for EVs compared
to traditional petrol-fueled vehicles. Another disadvantage is the long time required to
significantly recharge the battery when connected to a charging station (either wired or
wireless). A stationary wireless power transfer (WPT) system is a viable alternative to the
current plug-in solution, offers the advantage of increased safety and allows you to fully
automate the charging process without the need for any human interaction. However, even
the stationary WPT does not solve the problems of autonomy and charging time.

Automotive dynamic wireless transfer power (DWPT) is a recent development of the
WPT technology that allows to transfer electric power to an EV when it is moving along
an electrified road [1–4]. This technology allows the EV to ideally achieve an ‘infinite’
autonomy as long as the roads are equipped with DWPT charging tracks. While this
technology is extremely promising, it presents several issues including electromagnetic
compatibility (EMC) problems with other electrical infrastructures. The aim of this work is
to investigate the electromagnetic interference (EMI) produced by a DWPT system with a
short track configuration on an underground multiconductor signal cable. In this type of
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DWPT architecture, the transmitting coils are not activated continuously and, as a result,
transients occur that can generate EMI. In addition, power electronic converters, such
as inverters and rectifiers usually present in the DWPT system, are possible sources of
interference. For both reasons the induced effects on the buried cable are not limited at the
frequency used for WPT, but also higher order harmonics of current are produced.

In this study, we present a method based on the multiconductor transmission line
(MTL) theory to evaluate the induced currents and voltages produced by a DWPT system
in an underground signal cable such as those used for traffic lights. It is composed of an
external conductive armor and several inner conductors. It should be noted that the topic of
the paper is very new, as DWPT systems have not yet been implemented in the real world,
but only demonstrated in experimental projects. There are several technological problems
in the development of DWPT systems, but one of the critical problems is the possible EMI in
other electrical systems located in the vicinity of the electrified road. Therefore, simulation
studies such as the one here presented are very important to preliminarily investigate the
possible side effects of this technology for which real EMC/EMI tests are not yet possible.

The paper is organized as described below. Section 2 describes first the configuration
of the DWPT system used for the simulations, and then presents the MTL equations for the
analysis of the effects induced in a multi-conductor buried cable. Great attention is also
paid to the magnetic coupling model between DWPT coils and underground cables.

In Section 3 the models previously proposed are applied, obtaining some significant
results in terms of currents and voltages induced at the terminal ends of the buried cable.
The results obtained are validated by comparison with other methods. The EMI in the cable
is examined in the case of a single vehicle being wireless charged, but also for 10 vehicles
simultaneously present that absorb a total power of 100 kW.

2. Materials and Methods
2.1. System Configuration

A DWPT system is considered assuming the operational frequency equal to 85 kHz
and the maximum power transferred to an EV equal to 10 kW. The dynamic WPT system
here considered is composed by a series of short track transmitting coils embedded in the
road while the receiving coil is mounted on the underneath of the EV. Each transmitting
coil is activated only for the period in which the vehicle is over the coil itself. An electronic
unit controls the activation process of transmitting coils to maximize the coupling. The coil
configuration considered here is taken from the European Project FABRIC [1]. The ground
assembly (GA) is a planar coil with rectangular shape of dimensions 150 cm × 50 cm
with 10 turns. The vehicle assembly (VA) is a planar coil of dimensions 40 cm × 62 cm
composed by 10 turns. Two ferrite blocks of dimensions 15 cm × 25 cm × 0.5 cm are placed
in proximity of the VA coil. The average vertical distance between the GA and the VA
coils is assumed equal to h = 20 cm. The coils are realized using a Litz wire composed of
1260 strands of insulated wires of dimension AWG 38. A sketch of the system is shown
in Figure 1.

Energies 2022, 15, x FOR PEER REVIEW 3 of 15 
 

 

s lGA 
 

wGA 
 

x 
y z 

I1 

GA coil 

road  pavement 

underground MTL cable 

  VA coil 1   VA coil 2 

GA coil GA coil (GA coil 

I2 
h 

hc 

wc  
Figure 1. System configuration. 

2.2. Multiconductor Trasmission Line Theory Applied to Induced Currents in Buried Wires 
The aim of the proposed study is to quantify the EMI in an underground signal cable 

when it is exposed to the electromagnetic field produced by the DWPT coils. The cable is 
modeled as a uniform multiconductor transmission line (MTL) excited by the non-uni-
form field generated by the DWPT coils. A typical configuration is schematically shown 
in Figure 1. The voltage and current wave propagation is modeled using the field-excited 
MTL equations [5]: 

[ ] [ ][ ] [ ]d V
Z I E

dx
− = −  (1)

[ ] [ ][ ] [ ]d I
Y V J

dx
− = −  (2)

where [Z] and [Y] are the p.u.l. impedance and admittance matrices, [V] and [I] are the 
voltage and current vectors, [E] and [J] are the p.u.l. voltage and current source vectors 
[5]. Matrices [Z] and [Y] can be either calculated using numerical simulations [6] or can be 
analytically derived for simple configurations [7]. 

The parameters [Z] and [Y] are calculated with the two-dimensional (2D) FEM using 
the magnetoquasistatic (MQS) and the electrostatic (ES) solvers. The MQS formulation in 
2D is based on the solution of the following Equations [8,9]: 

1 jωσ
μ eA A J∇× ∇× + =  (3a)

B A= ∇×  (3b)

jωE A= −  (3c)
where ω = 2πf, µ is the magnetic permeability (unit of measure: H/m), 𝜎 is the electrical 
conductivity (S/m), Je is the current source density (A/m), E is the electric field (V/m) and 
A is the magnetic vector potential (Wb/m). The electrostatic (ES) formulation is based on 
the solution of the following 2D Equations [8,9]: 

ε ρE∇ ⋅ =  (4a)

E V= −∇  (4b)
where 𝜀 is the dielectric permittivity (F/m), 𝜌 the space charge density (C/m3) and V the 
electric potential (V). Using the FEM MQS approximation the matrix, [Z] can be calculated 
with a number of steps equal to the number N of the conductors [6]. Since the coefficients 
of [Z] are frequency-dependent due to skin and proximity effects, the procedure is 
repeated for each one of the frequencies of interest. The matrix [Y] is calculated using an 
ES solver. The procedure is composed by N steps: on each step a potential equal to 1 V is 
imposed on the surface of each conductors and 0 V on the others ( 1 , 0i jV V= =  for j = 
1,…, N and j ≠ i). 

Figure 1. System configuration.



Energies 2022, 15, 1645 3 of 14

The implementation site of the DWPT system considered is an urban environment
with a maximum speed limit of 50 km/h. This means that the travel time of a vehicle over a
GA coil of length lGA = 1.5 m is approximately equal to 0.1 s, while the period of a sinusoidal
signal operating at 85 kHz is 11.7 µs. Consequently, the time constant due to the movement
of the vehicle is about 4 orders of magnitude higher than the electrical time constant. It
means that the cruising speed of the EV does not greatly affect the EMI which is mainly
due to the DWPT operations. Transients are also produced by the activation/deactivation
of the transmitting coils due to the movement of the vehicle.

2.2. Multiconductor Trasmission Line Theory Applied to Induced Currents in Buried Wires

The aim of the proposed study is to quantify the EMI in an underground signal cable
when it is exposed to the electromagnetic field produced by the DWPT coils. The cable is
modeled as a uniform multiconductor transmission line (MTL) excited by the non-uniform
field generated by the DWPT coils. A typical configuration is schematically shown in
Figure 1. The voltage and current wave propagation is modeled using the field-excited
MTL equations [5]:

− d[V]

dx
= [Z][I]− [E] (1)

− d[I]
dx

= [Y][V]− [J] (2)

where [Z] and [Y] are the p.u.l. impedance and admittance matrices, [V] and [I] are the
voltage and current vectors, [E] and [J] are the p.u.l. voltage and current source vectors [5].
Matrices [Z] and [Y] can be either calculated using numerical simulations [6] or can be
analytically derived for simple configurations [7].

The parameters [Z] and [Y] are calculated with the two-dimensional (2D) FEM using
the magnetoquasistatic (MQS) and the electrostatic (ES) solvers. The MQS formulation in
2D is based on the solution of the following Equations [8,9]:

∇× 1
µ
∇×A + jωσA = Je (3a)

B = ∇×A (3b)

E = −jωA (3c)

where ω = 2πf, µ is the magnetic permeability (unit of measure: H/m), σ is the electrical
conductivity (S/m), Je is the current source density (A/m), E is the electric field (V/m) and
A is the magnetic vector potential (Wb/m). The electrostatic (ES) formulation is based on
the solution of the following 2D Equations [8,9]:

∇ · εE = ρ (4a)

E = −∇V (4b)

where ε is the dielectric permittivity (F/m), ρ the space charge density (C/m3) and V the
electric potential (V). Using the FEM MQS approximation the matrix, [Z] can be calculated
with a number of steps equal to the number N of the conductors [6]. Since the coefficients
of [Z] are frequency-dependent due to skin and proximity effects, the procedure is repeated
for each one of the frequencies of interest. The matrix [Y] is calculated using an ES solver.
The procedure is composed by N steps: on each step a potential equal to 1 V is imposed on
the surface of each conductors and 0 V on the others (Vi = 1, Vj = 0 for j = 1, . . . , N and
j 6= i).

Considering that the signal cable is buried, the voltages are referred to the zero voltage
plane taken at an infinite distance underground. This plane is also considered as the return
path of the currents.
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If the cable is shielded, the equivalent circuit is composed by an external mesh and n
internal meshes, being n the number of the inner wires, as shown in Figure 2 for an MTL
shielded cable with n = 2. The total number of independent conductors is N = n + 1 and
the order of matricial telegraphers’ equations is N. The external mesh is composed by the
external shield and the current return path, while the internal meshes are composed by
the n inner wires and the internal shield. The external mesh and the internal meshes are
coupled by the shield transfer impedance and admittance.
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The MTL equations of a field-excited multiconductor shielded cable can be rewritten
as [10–13]:

− d
dx

[
[Vw(x)]
Vs(x)

]
=

[
[Zw] [1]Zt

[0]T Zs

][
[Iw(x)]
Is(x)

]
−
[

[0]
Eext(x)

]
(5a)

− d
dx

[
[Iw(x)]
Is(x)

]
=

[
[Yw] [1]Yt

[0]T Ys

][
[Vw(x)]
Vs(x)

]
−
[

[0]
Jext(x)

]
(5b)

where x is the line axis, [Vw] is the vector of the n voltages between inner wires and the
internal shield, [Iw] is the vector of the currents flowing into the n inner wires, Vs is the
external shield voltage, Is is the current flowing into the external shield, [Zw] and [Yw]
are the p.u.l. impedance and admittance matrices of the internal meshes (i.e., inner wires–
internal shield), Zs and Ys are the p.u.l. impedance and admittance of the external mesh (i.e.,
external shield–reference plane), Zt and Yt are the p.u.l. transfer impedance and admittance
of the shield, [0] and [1] are column vector of size n × 1 composed by 0 and 1, respectively.
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The MTL excitation is given by the distributed voltage and current sources Eext and
Jext [13]:

Eext = −jω
∫ zj

z−∞
Bydz (6a)

Jext = −Yj

∫ zj

z−∞
Ezdz (6b)

By being the transversal component of the magnetic flux density and Ez is the vertical
electric field, both produced by the DWPT coils, and Yj is the admittance of the circuit
mesh given by the external shield and the reference plane. The integrals in (6a) and (6b)
are calculated on a line from zj (z-coordinate of the jth conductor) to −∞ (here assumed
z−∞ = −30 m for the numerical calculation). For the calculation of the excitations in (6) a
FEM MQS simulation is performed for each of the frequencies of interest.

It should be noted that the impedances Zs and the admittance Ys are given by [14,15]:

Zs = Zg + Zse (7)

Ys = Yg (8)

Zg being the ground impedance, Yg the ground admittance and Zse the external shield
impedance. The expressions of all impedance and admittance in (5)–(8) can be found in
the technical literature [14–19]. The solution of MTL equations in the frequency domain is
well established and it is not original. The novelty of the paper is in the excitation system
of the underground cable which is given by the electromagnetic field produced by the
coils of the DWPT system. Since the coils are not uniformly distributed and the DWPT
architecture is based on short tracks, it follows that the excitation is intermittent and occurs
at different points along the multiconductor cable due to the movement of the electric
vehicles along the electrified road. This leads to a nonuniform excitation of the MTL cable.
The nonuniform excitation is modeled as a series cascade of different MTL sections, excited
and non-excited. The excited sections of the MTL cable correspond to the GA coil activated
due to the presence of a charging EV, while the non-excited sections are all other sections
without EVs. To simplify the study, the length of the excited cable section corresponds to
that of the activated GA coil, lGA. A scheme of the cable excitation is shown in Figure 3. The
equivalent circuit consisting of several sections of cable in series cascaded can be analyzed
by solving the MTL equations after applying the terminal conditions. The equivalent circuit
can also be analyzed by a CAD circuit simulator such as SPICE.
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3. Results
3.1. Cable Configuration

The cable under study is a traffic light cable, buried inside the road pavement at a
depth of hc = 50 cm, and parallel to the electrified road at a lateral distance wc = 75 cm with
respect to the center of the GA coils. The traffic light cable is made up of n = 8 internal
copper conductors with a section of 1 mm2, as shown in Figure 4. The thickness of the
insulation of each conductor is t1 = 0.6 mm, the thickness of the internal and external
insulations are t2 = 0.8 and t3 = 1.4 mm, respectively. The aluminum shield (armor) placed
between the external and internal insulation has a thickness of ts = 0.9 mm. For simplicity
and for the frequencies of interest, the shield is assumed to be solid. The total external
diameter of the cable is dw = 14 mm. In the calculation of the magnetic and electric fields
produced by the DWPT coils, the earth surrounding the cable is modeled assuming µr = 1,
εr = 10 and σ = 10 mS/m.
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3.2. MTL Excitation

The MTL excitation, given by (5) and (6), depends on the electric and magnetic field
produced by the currents flowing in the DWPT coils. Therefore, first of all it is necessary
to know the coil currents flowing in an equivalent circuit of the WPT system. On the
transmitting side, the WPT circuit is composed of an inverter that provides the high
frequency signal operating at 85 kHz. On the receiving side the WPT circuit is composed of
a full-bridge AC-DC converter and a capacitor for further smoothing of the current, and of
a battery [20–22]. The transmitting and receiving sides are coupled by two inductors which
are also compensated by capacitors. The equivalent circuit of the WPT system described
above is shown in Figure 5 (the primary side of the DWPT system is shown in Figure 5a,
the receiving circuit is shown in Figure 5b, the two inductors Lp and Ls are coupled by
the coupling coefficient k which is not shown in the figure). The self-inductances of the
coils are Lp = 348 µH and Ls = 195 µH, and their coupling coefficient is k = 0.07. The coils’
resistances are obtained from the datasheet of the considered Litz wire and are Rp = 350 mΩ
and Rs = 175 mΩ. The series capacitances Cp =10 nF and Cs =18 nF are chosen to make
the system resonant at the operating frequency of 85 kHz. The inverter has a full bridge
configuration with a MOSFETs switch. Each MOSFET is driven by a square voltage source
that permits to introduce a dead-time between the commutation of the high side and
low-side switches, to avoid a short circuit. On the receiving side, the AC-DC conversion is
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performed with four Schottky diodes in full configuration. Finally, a capacitor Cf is used to
smooth the output voltage.
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The equivalent circuit is analyzed by a SPICE circuit simulator and the time-domain
currents flowing in the inductances Lp and Ls are transformed in the frequency domain
using the Fast Fourier Transform (FFT). The first harmonic corresponds to 85 kHz and the
first ten current harmonics are considered for the calculation of the induced effects on the
buried cable [4].

The SPICE solution in time domain of the current in the GA coil is reported in Figure 6a
while the absolute value of the first ten odd harmonics of the GA coil current are shown
in Figure 6b. These current values are the sources of the electric and magnetic fields in
(6). The fields are calculated in the frequency-domain by a 3D FEM simulation of the
DWPT installation, considering also the presence of a vehicle just above the GA coil. The
vehicle bottom is modeled by an aluminum plate with dimensions 3.5 m × 1.7 m and
thickness equal to 5 mm [4]. The presence of the aluminum plate modifies the resistances
and inductances of the DWPT circuit and the distribution of the electric and magnetic fields.
The WPT configuration is analyzed using a 3D FEM simulation [23–25] at the frequencies
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corresponding to the first ten odd harmonics of current. In the calculations the fields
produced by the VA coil are assumed to be negligible since their contributions in (6) are
significantly smaller than those produced by the GA coil due to a smaller current and a
higher distance.
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3.3. Model Validation

The proposed procedure must be validated by answering the following two main
questions: (1) Is the coupling with a DWPT coil system in the presence of an EV body
modeled correctly? (2) Is MTL theory implemented correctly?

The validation of the proposed coupling model (question 1) was carried out consider-
ing a simplified configuration of the cable, which was here assumed to be a single conductor
with the same diameter as the outer diameter of the MTL cable shield. The single conductor
line had a length of l = 31.5 m. The excitation was produced by the DWPT coil system
described above considering an EV placed above the GA coil at the mid of the line and
absorbing 10 kW. This configuration was analyzed by a 3D FEM simulation and compared
with the proposed MTL solution implemented in a MATLAB code.

The results in terms of current at the right end of the cable shield (armor) obtained
by 3D FEM (single conductor) and MATLAB (MTL) simulations are shown in Figure 7a,
showing a very good agreement and thus validating the coupling model.
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left end: (a) armor (shield) current; (b) currents in internal lateral conductors no. 1–7 (see Figure 4),
(c) current in internal central conductor no. 8.

To validate the MTL propagation model (question 2) we have compared the proposed
MTL solution in MATLAB with that obtained by a SPICE simulation of a cable discretized
in many MTL sections of 1.5 m length with lumped circuit elements [5]. The shield was
terminated on a very small resistance (Rterm = 100 pΩ) at both ends to simulate short-circuit
conditions while all the internal conductors were all terminated on a resistance of 50 Ω at
both ends. The results obtained are shown in Figure 7a–c showing a very good agreement.

We can observe that there is an extremely good agreement between the proposed
MATLAB model, the SPICE model solution and the 3D FEM simulation for the terminal
currents at the right end of the cable. The good agreement between the SPICE MTL model
and the MATLAB model suggests that the solution is correctly implemented in MATLAB
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while the good agreement between these solutions and the 3D FEM solution suggests that
the source is adequately modeled in the proposed MTL model.

3.4. EMI Results

After its validation, the proposed procedure is applied to predict the induced effects in
the traffic light cable described above. First, a cable of length l = 100 m is considered when
a single EV is wireless charging by absorbing 10 kW on the electrified road at a distance
x = 25 m (i.e., 1

4 of the length) from the left side of the cable. The current in the external
shield of the cable has a value of 47.3 mA on the left end and 264.5 mA on the right end at
85 kHz. For the higher order harmonics, the current declines.

Using the proposed method, the currents in the internal conductors of the MTL cable
are calculated. As terminal conditions on the left and right side, 50 Ω resistances are used
for each internal conductor. The currents in the internal conductors of the MTL cable are
shown in Figure 8. It can be noted that the currents in conductors no. 1–7 are identical
while the current in the central conductor (no. 8) is smaller. At the frequency of 85 kHz, the
terminal current has a value of just under 1.6 mA, while it is significantly lower for higher
order harmonics. The inner conductor-shield voltages at the left termination are shown in
Figure 9.
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The proposed model can be easily modified to consider more EVs being charged.
A cable length l = 100 m is considered with 10 equally spaced EVs along the electrified road.
The transmitting GA coils are located at positions along the x-axis:
xK = K(l + lGA)/(Ncar + 1) − lGA/2, xK being the centers of the Kth transmitting coil
and y = z = 0 for K = 1,2, . . . , Ncar, being Ncar = 10 in the considered case. A power of 10 kW
is transferred to each of the 10 EVs considered for a total of 100 kW.

The terminal currents on the left and right ends of the shield and in the inner wires are
shown in Figure 10. We can observe that the level of the current decreases with the order of
harmonic, as expected. The terminal inner wire-to-shield voltages, considering the internal
conductors each loaded on a resistance of 50 Ω and the shield terminated on a resistance
close to zero (short circuit), are shown in Figure 11. From these results, it can be noted that
the values of currents and voltages on the terminations are the same since the source are
symmetrically placed with respect to the terminations. The highest current is obtained at
the first frequency, 85 kHz, with a value of 1.25 A in the armor, 16.1 mA in the inner central
conductor no.8 while the inner lateral conductors no. 1–7 have a current of 16.7 mA. For the
internal conductors at the higher frequencies we have values lower than 76 µA for 255 kHz
and lower values for higher frequencies. The terminal inner wire-to-shield voltages on the
internal conductors have values of 0.8 V at 85 kHz while at 255 kHz it is below 3.8 mV. The
calculated voltage levels are not very low and require further investigation. In conclusion,
we can say that the application of a DWPT system involves possible EMI problems in the
underground cables near the electrified road.
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4. Conclusions

In this study, a method for predicting the induced currents and voltages produced by a
DWPT system for an automotive on an underground MTL cable was presented. The theory
of an excited MTL in the field has been adopted. The effects induced on an MTL signal cable
were calculated up to 10 higher order harmonics of the fundamental frequency of 85 kHz.
For the purpose of validation, the results of the proposed model of the underground
MTL cable were compared with the results obtained with other methods, revealing a very
satisfactory agreement.

The main scientific novelty of this study lies in the MTL model of the coupling between
DWPT coils and underground cables. The results obtained are also completely new because
the DWPT systems are not yet implemented, but only experimental tests have been carried
out with the main purpose of wireless charging electric vehicles in motion, while EMC
studies as proposed here have not yet been performed.

The limitations of the proposed MTL model are the well-known ones of the transmis-
sion line theory, given mainly by negligible radiation. However, this limitation is clearly
satisfied for the examined buried cable-DWPT coil system configuration. Another limita-
tion is given by the simplification of the coupling model between a DWPT coil with the
buried cable. A small inaccuracy can also be given by the simplification of the coupling
model between a DWPT coil with the buried cable. Obviously, in a real application in a
high-density urban scenario, the hypothesis of a homogeneous earth is not entirely realistic
and the presence of many conductive objects could alter the results obtained. However,
the calculations made are very important to predict the possible collateral effects of a
DWPT system deployment. Finally, the results obtained in this preliminary numerical
investigation are not so satisfactory as to exclude possible EMI problems in buried cables
due to DWPT systems.
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