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ABSTRACT Wireless chargers for electric vehicles are usually based on a magnetic field between two
coils to transfer power without cables, and, metallic objects in the volume comprised among these coils
affect the magnetic field, reduce the power transferred to the load, and also result in hazards. Therefore, the
implementation of techniques suitable to detect foreign objects is mandatory. The accurate modelling of the
objects can help in the precision of the methods used for their detection. In this paper, we accurately identify
the equivalent electrical model of a specific foreign object. The main advantage of using this model consists
of the possibility of evaluating the performance of the whole charging system by performing time-domain
simulations instead of complex finite element analysis. This is of interest for techniques using sensing
coils and for self-sensing approaches. In particular, we have modelled a beverage can, which is an object
expected in typical EV wireless chargers. The model is validated by comparing simulations based on this
model and experimental results. From this analysis, some hot areas where the object causes a higher impact
are identified. The procedure can be extended to other objects.

INDEX TERMS Wireless charging, Electric Vehicle, Foreign Object Detection, Metal Object Detection,

Beverage Can, Electrical model.

I. INTRODUCTION

LECTRIC Vehicles (EVs) are a feasible and sustainable
Etransport solution to cope with the greenhouse emis-
sions generated by fuel-based vehicles. Although the acqui-
sition of EVs is increasing, their selling rate is still low due
mainly to the cost of the batteries and the unavailability of
charging infrastructures. To overcome these disadvantages,
Wireless Power Transfer (WPT) is a suitable technology to
increase the scenarios in which the EV may be charged and
to do it without the user intervention [?]. By now, inductive
charging is the most mature technology for charging vehicles
without cables. Inductive charging relies on a pair of air-
coupled coils (one on the pavement and another in the chassis
of the EV). The primary coil generates a magnetic field,
which traverses the area of a secondary coil so that a voltage
is induced across the load cabled to the secondary coil.

Due to the use of a magnetic field for power transfer, there
is a concern about the safety of EMF exposure [?] and the
alterations it can suffer due to foreign objects. Metal objects
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in the areas separating the coils or close to those elements
can exhibit eddy currents due to the variable magnetic field
traversing them. This will affect power transfer and may even
cause some hazards (fire, damages to the system, etc.). Thus,
Metal Object Detection (MOD) techniques constitute a com-
plementary technology to guarantee the proper functioning of
EV wireless chargers [?]. In fact, SAE J2954 requires sensors
to protect against hazardous consequences from metal objects
[?]. With the release of this standard, MOD techniques are
receiving increasing attention.

MOD techniques can be generally classified into three
main groups: sensor-based solutions, self-sensing and meth-
ods with additional sensing coils [?]. First, sensor-based
solutions rely on auxiliary equipment to monitor the physical
properties in the area between the two coils. Radar and
infrared sensors or image processors belong to this category.
Their performance is independent of WPT power level but it
may be susceptible to environmental conditions and their cost
is high. Second, self-sensing approaches analyse electrical
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measurements such as currents and voltages on the transmit-
ter and receiver coils. As these measurements may be used
to detect potential problems in a conventional power transfer
without object, the cost and complexity of this type of method
are low. Finally, the third type of MOD technique is based
on the use of additional coils to measure the variations
of their induced voltage or equivalent inductance. In these
methods, there are two sets of coils: the power coils and
the sensing coils. The placement of the sensing coils must
be carefully considered as their number and position affect
the precision of the method for detecting the metal object
[?]. The combination of several techniques has also been
addressed [?].

In any of these techniques, there must be a design process
to determine the configuration to follow. The configuration
mainly entails the definition of the position and types of the
sensors for the sensor-based solutions, the electrical measure-
ments to consider for the self-sensing approaches and the
number, geometries and ubication of the sensing coils for
the techniques based on sensing coils. The identification of
the appropriate configuration is supported by the theoretical
analysis of the system performance with objects. Thus, a
precise model of the objects is essential to determine the op-
timised configuration. The incorporation of the object in the
design of these MOD techniques is usually performed with
two main approaches. The first one consists in modelling
the object in a Finite Element Analysis (FEA) tool and then
time-consuming simulations must be accomplished, as can
be seen in [?], [?], [?] and [?]. In the second one, the authors
consider an equivalent electrical model of the object as it is
shown in [?], [?] and [?]. This last method is preferred due
to the fastness it can provide. Table 1 summarizes the main
features of MOD based on sensor coils that were evaluated
with objects. Table 2 those based on self-sensing. [?], [?]
and [?] only rely on a FEM analysis to test their techniques,
which are time-consuming.

As shown in [?], [?] and [?], these authors use models
based only on physical shapes. These models do not include
the electrical and magnetic characteristics of the objects,
which could lead to a significant deviation between simula-
tions and experimental results. Regarding those techniques
evaluated with experimental tests, there are some authors
who support their work using FEM, as stated in [?], [?],
(21, 120, (20, 120 20, 20, 120, 020, 120, (20, 120, 120, 120, 120,
[?] and [?]. However, the use of FEM is only focused on
the validation of the developed FOD techniques rather than
checking whether the implemented models can accurately
characterize the object. In [?] and [?], the authors propose
electrical models for the objects. These models are derived
from FEM models, but their accuracy is not validated with
experimental results.

As for the tested objects, most authors focused on de-
tecting coins, metal sheets, metal bars, etc. A beverage can
is also analysed in some works. This object is particularly
significant because of its extensive use in urban areas and
thus, the probability of interfering with a WPT is high.
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When designing MOD algorithms, it is important to have
precise physical models of the metal objects so that the
effects on the sensing coils or on the system parameters can
be estimated accurately. This work focuses on developing
and evaluating an electrical model of a beverage can (one
of the six generic items considered as potential metal objects
in SAE J2954, such as a steel bar). Specifically, the contribu-
tions of this work are threefold:

« Providing an effective electrical model for a can-shaped
object to be used for the design or testing of MOD
techniques. The model is generated from the physical
characterization of the object in a FEM tool. From this
tool, an electrical model is derived. Then, the validity of
the equivalent circuit for the object is verified by con-
trasting experimental and simulation results in terms of
changes in the electrical parameters (current and voltage
on the primary and secondary sides), which is one of the
MOD techniques. In contrast to [?], [?], [?], this work
has focused on a real object. The determination of an
equivalent electrical model of the object is useful for
the test of future MOD techniques (with sensing coils
or self-sensing) in simulation tools.

« Validation of the proposed electrical model as a com-
putationally efficient solution based to simulate the for-
eign object presence in the WPT system in the time-
domain.This has been accomplished for a wide range of
scenarios with the can in different positions, resulting in
shorter computational times when compared to FEM.

« Analysis of the impact of this object on the power trans-
fer and identification of the areas that are most affected
by it. The study has been done in a representative con-
figuration of a Series-Series wireless charger. With this
analysis, the effectiveness of the self-sensing approach
is evaluated. Currents and voltages are measured and
derived in the simulation tool, as these parameters are
commonly used in self-sensing approaches as shown in
Table 2.

Although this paper focuses on a can-shaped object, the
procedure described (physical characterization and deriva-
tion of the electrical model) can be applied to other objects.

The remainder of the paper is structured as follows. Sec-
tion II describes the equivalent circuit of the charger with
a metal object. Section III develops the electrical model
of the beverage can. Section IV describes the EV wireless
charger where the model of the can is validated. The results
of the experimental validation of the model proposed are
detailed in Section V. Finally, Section VI summarizes the
main conclusions of this paper.

Il. THEORETICAL ANALYSIS

The structure of the EV wireless charger utilized in the
proposed analysis is shown in Fig. 1. The primary side is
assumed to be on the pavement. It requires some power
converters to adapt the frequency of the electrical signal to
the one required by the EV wireless charger (typically 85
kHz [?]). The secondary side corresponds to the electronics
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TABLE 1. Comparative of main features of MOD techniques based on sensor coils.

. . Objects included in Objects tested Vahdatlor} of Power coil . . .
Ref. Electrical model . the electrical Compensation Sensing coil geometry
FEM experimentally model geometry
k4| X X A coin X Squared N.S. Squared array sensor
Aluminum cylinder,
[?] X similar to a beverage X X Circular S-S Squared array sensor
can
[?] X A metal bar X X Rectangular LCC-LCC Symmetrical rectangular
array sensor
[?] X X A coin an.d a X Circular N.S. Squared array sensor
paper clip
A5 cent coin, two | A beverage can,
[ X dl‘fferent s1ze as cent com and X Circular P-P Two circular coils
aluminum rods, and an aluminum
an aluminum sheet sheet
A coin, a steel bar and A coin, a steel
[?] X P bar and a cuboid X Circular S-S Circular array sensor
a cuboid shape
shaped
[?] X A coin aqd asetof | A coin aqd aset X Rectangular LCC-S Two mesh coils
coins of coins
Aluminum cylinder Aluminum
[?] X . . cylinder and iron X Squared LCC-LCC Squared array sensor
and iron cylinder .
cylinder
. A copper . .
9 -
[?] X A copper cylinder cylinder X Circular S-S Two mesh coils
[?] X Metal bar Metal bar X Rectangular N.S. Symmetrl;:ez?(l)x?red array
[ X A metal bar A steel pan X Circular N.S. Four rectangular coils
A metal sheet, a
[?] X X set of ferrites and X N.S. N.S. Array of straight conductors
a smartphone
[?] X A metal bar A coin, a key and X N.S. LCL-S Squared array sensor
a beverage can
[?] X A coin A coin X Squared N.S. Circular array sensor
[?] X Aluminum plate Aluminum and X Rectangular LCC-S A continuous bipolar coil
copper plates conforming a net
2] % A coin A coin % DD S-S Symmetrical rectangular
array
A coin, A nail
[?] X A coin and a beverage X DD S-S Rectangular array sensor
can
.. A coin, a bolt, a
Conductivity beverage can Symmetric rectangular arra
[?] derived from FEM X 8 X Rectangular S-S y = y
and a gum sensor
model
wrapper
[?] X X A round X N.S N.S Squared array sensor
aluminum bar - o

*N.S.= Not Specified.

on the EV. The core of this schematic is composed of two
coupled coils (L, and Ls) and their parasitic resistances (R
and Rs). M, corresponds to the mutual inductance between
the transmitter and the receiver. As a representative structure,
the matching networks are composed of capacitors C; and
C5 in series with the coils. The secondary side also has
some power electronics to adjust the features of the current
and voltage to the requirements of the battery. To guarantee
adequate charging, the wireless charger is equipped with
some controllers. The controller can either adjust the setting
of the power converters or interrupt the power transfer when
some dangerous events are detected (e.g. excessive volt-
age/current in one component, presence of a metal object).
The controllers may be installed on the primary, secondary
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or both sides [?]. For an illustrative goal, in the present work
the controller is installed on the primary side of the system
but it may require measurements from the secondary side.
We have added a secondary controller to collect and transmit
the data. Anyway, the proposed procedure is valid with other
types of controllers.

The output of the primary converter (V,,) is a si-
nusoidal wave of 85 kHz. However, due to the use
of compensation systems, the first harmonic approx-
imation is valid. Thus, the system is analysed with
a sine-wave generator, referred to as the phasor V}M
in Fig.2. The rms value of this phasor is VW, rms = %
The impedance of the battery at the input of the secondary
rectifier is modelled as the resistance Ry (referred to as
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TABLE 2. Comparative of main features of MOD techniques based on self-sensing.

. Objects included in Objects tested Vahdatlor} of Power coil . Parameter measurements
Ref. Electrical model - the electrical Compensation .
FEM experimentally model geometry considered
A Ccoal::’ ?Wl:)eer Sending a high frequency
[?] X X different coils X Circular S-S SIgna!.through (th? c.01ls and
and a ferrite sensing the variations of
cylinder their impedance
Measurement of variation of
[?] X Aluminum disk Aluminum disk X Circular N.S. the self-impedance and
transimpedance
Detection of variations of
. . . the transmitter’s impedance
9 Q
[?] X A dielectric sphere X X Helical N.S. based on variations of the
electromagnetic field
Power spectral density
A copper piece estimation based on
9 . P
(7] x x and a water bottle x Rectangular N.S. measurements of the
transmitter’s current
Resistance and A copper plate, a A copper plate, a im hgg:zg;zr?gmso?; Elhf) a
[ inductance derived | copper coin and an copper coin and X Rectangular S-S arficle swar;n I())P timiza t}ilon
from FEM model iron coin an iron coin p ' op
algorithm
2] % Aluminum bar and | Aluminum bar % Circular S-S Detection of resonance
: iron bar and iron bar frequency deviation
tr:r?:rflliftir Measurements of the
[?] X Iron bar Beverage can X ci;cular ? LCC-S transmitter’s current assisted
receiver by machine learning tools
[?] X 5 cents coin 5 cents coin X Circular S-S k! resonance
frequency deviation
Measurement of the
transmitter’s impedance
[?] X X Steel sheet X Rectangular S-S deviation using
transmission-side voltage
pulses
Resistance and Voltage’s and current’s
inductance magnitude and phase
Proposal . Beverage can Beverage can v Rectangular S-S deviation of the
derived from real . .
measurements transmitter and receiver
coils
*N.S.= Not Specified.
Primary Side Secondary Side
1 Cy
[ L
I I
+ P i B i M o i P | Ban
Grid ower 12 ower attery
7 o >
Converter B A T ", Converter ||
Metal object
OGO
Commands Ro
Controller | Measurements Measurements | Controller
FIGURE 1. Generic diagram for an EV wireless charger with a metal object.
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the equivalent load resistance). The relationship between
the internal resistance of the battery (Rp,:) and Ry is
Rr = 8Rpat/m%. Assuming that there is no object, it is
possible to derive the following equations with a mesh-based
analysis:

. 1 . .
Vinw = (R1 +jwli + —— ) I — jwMizly (1)
JwCh

Va = |(Re+ jwLa) [ — jwbiali | = (RL T ) I
JwCs

2)

The previous model and the circuital equations change

when there is a metal object between the two coils. The

object is modelled with an additional mesh [?], as shown in

Fig. 1. This new mesh is composed of an inductance coupled

with the primary and secondary coils (L 7o) and a resistance

(Raro)- The mutual inductances Mo and Mo depend on
the position of the object in the area of the power transfer.

—
_—a

Iy M,
Vinw @ > By

I L

Coils + Metal object

FIGURE 2. Simplified equivalent circuit of a coupler with a metal object.

With simple circuital re-arrangement of the elements, it is
possible to include the new mesh in the original two-coils
configuration, deriving the circuit in Fig. 2, as used in [?].
The values of these components in the simplified model are:

W2M2
Zi1 = le + ﬁ (3)
w2 M?2
Zég = Z22 + TZO (4)
KoK
Miy = M (1 - 1}0{1220) = M2 * B &)

where Zyj0 = jwLyo + Ryo, Z11 = jwly +1/jwCh +
Ry,

Zog = jwlo + 1/jw02 + Rs + Ry, and K9, K10 and
K50 are the coupling coefficients associated to M2, Mo
and Mo respectively. If we further analyse these last ex-
pressions, we can derive the changes in the resistances and
the self-inductances for the equivalent circuit. In particular:

w2M?
Real (Z1,) = Ry = Ry + ﬁ *Ryo = RixPBr1 (6)
MO
w2 M?
L’1:L1—|Z71|2*LMO=L1*ﬁL1 (7
MO
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2M2
Real(Z}y) = Ry = Ry + ——29 « Ryro = Ro % Bra (8)
| Znro|
w2 M?
L/QZLQ_ﬁ*LMO:L2*ﬂL2 )
MO

Thus, the self-inductances and the new mutual inductance
of the equivalent coupler are lower than those in the con-
figuration of the original coils without the metal object [?].
Consequently, 537, Sr1 and 1o are lower than 1. As for the
resistances, they increase, i.e. Sz and Sro are greater than
1. These changes alter the electrical parameters of the system
and primary and secondary currents are modified along with
the voltages on the coils. This is the basis of self-sensing
MOD techniques.

The variations of these parameters depend on the electri-
cal features of the metal object (Lj;0 and Rj;0) and the
relative position of the metal object in the power transfer
volume (modelled by M;o and Msp). To see the effects,
we have analysed how the inclusion of metal objects affects
the wireless charger described in [?], which is SAE J2954-
compliant. Figure 3 illustrates how the inductance and the
resistance affect the primary and secondary currents and
voltages. For simplicity, we assume that S = Sr1 = BRr2,
Br, = Br1 = Bre2 and B = 0.8. It can be observed that the
current and voltage on the primary side have an immediate
and appreciable variation when there is an object. This phe-
nomenon does not hold for the current on the secondary side,
where these parameters are lower. From this experiment, it
can be concluded that the analysis on the primary side is
more effective than the study of the measurements on the
secondary side.

lll. ELECTRICAL MODEL OF A BEVERAGE CAN

As shown in Figure 1, we can model the can as a conventional
metal object with resistance (Ro) and self-inductance (Lo).
The electrical characterization of the object consists of defin-
ing these two parameters. For this purpose, we have modelled
the physical properties of the object in a FEM tool. From
the model, we determine the electrical properties, which are
validated with experimental tests next.

To account for the object complex geometry, a model in
Ansys Maxwell was created to assess accurate values of Rp
and L. A detailed model of the can is in Fig. 4. The use of
this exact model incurs high computational times, especially
when testing the can with the complete EV wireless charger.
The execution of a simulation in Ansys Maxwell with the
exact model of the can takes 12:00 minutes with an Intel
Core i7-10700K CPU machine with a 32- Gb Kingston
HyperX RAM and Samsung 980 Pro SSD PCle X4 NVMe
M.2. Working with this computational time is a relevant
burden for large simulation sets, as the one required by op-
timization/Montecarlo analysis or machine-learning dataset
creation. Thus, we have opted for a simplified version of
this model, which is depicted in Fig. 5. With this simplified
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model, a simulation takes 6:42 minutes. Thus, the model can
be used as a lightweight modelling instrument.

With this model, we aim to derive the electrical character-
ization of the beverage can provided by Ansys Maxwell. The
steps which have been followed are:

i Parameterization of the model in Ansys Maxwell in
order to easily change any surface if necessary. We have
avoided any curved surface presented on the real can in
order to minimize the simulation time.

ii Assigning a winding to the cross-section of the solid.
This will act as the electrical model of the can. Please,
take into account that the conventional model of a metal
object is an inductance with a resistance, as depicted in
Fig.1.

Exciting the previously mentioned winding with a 1-
V alternating source, which would emulate the pulse
emitted by the LCR Programmable bridge HM8118.

No Object
(a) Increments of 1.

iii

5622 115.00 $52.31
$55.26 16.32 90.28  8.40 | ) 45.29
R};Q, ®lso 43.48
T = o e
[~ = N
ol O W
S| x| o 3
g9l e — )
ISIRSIRST o N\ /
1 o &
s/ ! b e % |pasoo |
) 42.78
& \
No Object
(b) Increments of V7.
o
<
<
S

FIGURE 5. Dimensions and parts of the modelled can.

With this procedure, we can determine that the electrical
parameters of the can are Rp = 0.473mf) and Lo =
2.6 nH. Moreover, the estimation of the parameters was val-
idated through an experimental setup, measuring the actual
parameters through an LCR meter. One of the difficulties
encountered when measuring the resistance and inductance
of the can is that this object is not composed of a single
alloy. Beverage cans are composed of two different alloys.
The bodies are made of aluminum alloy 3003 and the lids are
composed of aluminum alloy 5182, as explained in [?]. As
described in [?] and [?], the body is 97% aluminium whereas
the lid is only 93.85%. The differences in the composition of
these two parts of the can are expected to result in differences
in their electrical characterization.

As illustrated in Fig. 6, the resistance and inductance
measurements are strongly influenced by the positioning of

No Object

(c) Increments of Io.

ST
,.’,w‘!l’l'
SIS

SIS
S
§A €A )
005

No Object

(d) Increments of Va.
6 VOLUME 4, 2016

FIGURE 3. Theoretical electrical parameters depending on R and L variation

d metal obj . . . - . - . . . . .
ue to a metal °b'e°'Fh.s work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2023.3336942

Author et al.: Preparation of Papers for EEE TRANSACTIONS and JOURNALS

IEEE Access

the contacting probes. Fig. 6.a shows the results when the
parameters are measured in the body and Fig. 6.b when it is
done using the lid and the bottom as connectors. It can be
observed that there is a notable difference in the resistance
and the inductance. Considering the resistances of the body
and the lid, we have elaborated the equivalent resistive cir-
cuits in Figures 6.c and 6.d. When measuring in the body, the
resistance of the lid (R;;4) is in parallel with that of the body
(Rbody)- Riiq is much greater than Rjp,q, due to the greater
resistivity of the alloy 5182 (p5182 = 56.0n£2) opposite to
the one of the 3003 (p3903 = 37.6 1)) as can be seen in
[?] and [?] respectively. Therefore Rp,q, is dominant in this
particular measurement. In contrast, when the measurement
is accomplished as shown in Fig. 6.b, there is a series of
electrical paths with the resistances of the lid, the body and
the bottom. Considering the different orders of magnitudes of
these resistances, the equivalent resistance is associated with
the Ry;4. A similar phenomenon occurs with the inductance.

In our case, we assume that it is more probable for a can to
be unintentionally placed between the two coils horizontally
rather than in a vertical position. Considering the magnetic
flux lines of an EV wireless charger, the incidence of the
electromagnetic flux is greater on the surface of the body.
From Fig. 4, we can derive that the surfaces are Spoqy =
272.61 ¢cm? and Sr;q = 15.21 ¢cm?. Thus, the measurement
where the effects of the body are more relevant is considered
as a reference to check the accuracy of the model, i.e. the
one from Fig. 6.b. There is a very good agreement for the
inductance values. As for the resistance, the values in the
laboratory are greater because the connector points used for
the measurements also include a resistive part.

In this preliminary analysis, we have checked that there
is a good agreement between the electrical characterization
provided by Ansys Maxwell and the lab measurements. Thus,
we can suggest that the model developed by Ansys Maxwell
is valid. However, a more extensive study will be done based
on the electrical parameters of the system with this model and
with a real prototype for an EV wireless charger to confirm
the validity of the electrical model. This validation is carried
out in Section V with the model described in Section I'V.

IV. ELECTRICAL MODEL OF THE EV WIRELESS
CHARGER
In the previous Section, a complete electrical characteri-
zation of the beverage can was assessed. The equivalent
circuit derived from this characterization can now be in-
cluded in further analysis on the complete electrical circuit
for an EV wireless charger. This system is also composed
of some additional elements, as shown in Figure 1, which
must be modelled to derive precise electrical parameters
(voltages/currents on the primary and secondary sides). This
modelling depends on the implementation. Considering the
prototype we have in the laboratory, we have modelled:

e Primary inverter in a full-bridge topology. It is com-

posed of two evaluation kits CREE KIT8020CRD8FF1217P-

1, whose main components are MOSFET CREE
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(d) Resistive model of the lid.

FIGURE 6. Measurement of L and R parameters of the can and equivalent
resistive circuit.

C2MO0080120D. We have taken into account that the
on-resistance and threshold voltage are temperature-
dependent. We have also modelled the parallel capac-
itance as a function of the drain-source voltage. These
phenomena are explained in [?].

« Non-controlled rectifier with a full-bridge configuration.
The four diodes are CREE C4D20120D0. We have
considered that the parallel capacitance of the diodes is
dependent on the reverse voltage. We have also included
the dependency of the forward voltage on the forward
current, as described in [?].

« A smoothing capacitor acting as a filter of the rectifier.
This needs to be taken into account because it distorts
the wave of the voltage of the secondary coil. It has
been measured with the LCR meter and included in the
electrical model.

o Wires used to connect the components, whose induc-
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tances and parallel capacitances have been measured
with the LCR meter. We consider that it was important
to include them in the model as they can alter the phases
of the electrical parameters of the system.

As for the coils, they are also modelled in Ansys Maxwell
to be similar to the pair we have in the laboratory. The exact
model is in Figure 7. The features of the coils are in Table 3,
which is compliant with SAE J2954. The coils are made of
AWG-38 Litz wire. Both coils have a ferrite layer which im-
proves the coupling coefficient between them, composed of
tiles of dimensions 55x55x5 mm?>. On the primary side, it is
constituted by a single layer under the wire. on the secondary
side, they are placed following the path of the wire with a
space between the tiles to achieve the maximum coupling
coefficient with the less material possible. In addition, the
secondary side has an aluminum foil as a shield.

FIGURE 7. Ferromagnetic material and shielding disposition in the coils.

TABLE 3. Characteristics of the coupled coils.

Design frequency (fo) 85 kHz
Primary coil dimensions 0.51 m x 0.66 m
Resistance of the primary coil (R1) 97.46 m$2
Self-inductance of the primary coil (L1) 61.06 uH
Secondary coil dimensions 0.35m X 0.35m
Resistance of the secondary coil (R2) 55.94 mQ)
Self-inductance of the secondary coil (L2) 42.02 uH
Distance between coils assumed in the design (gd) 0.10 m

A series-series compensation topology is used with C; =
56.50 nF" and Cy = 82.83 nF'. The power transferred is 500
W. As stated on SAE J2954, all measurements and modelling
have been done in a thermal steady state reaching 45 °C
on the transmitter components and 35 °C on the receiver
elements. These conditions have been taken into account
in the equivalent circuit of the power converters. The steps
followed for modelling the complete EV system accurately
are:

1 Measurement of the impedance of the coils, compen-
sation capacitors and wires, including the parasitic ca-
pacitance induced between the wires, which all are

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

temperature-dependent. These prototype values are in-
cluded in the model developed in Ansys Maxwell.

ii Measurement of the temperature of the components of
the inverter and rectifier as their impedances are strongly
influenced by it. The parameters of these parameters are
modified accordingly in the software model.

V. EXPERIMENTAL VALIDATION OF THE MODEL

Once the electrical model of the beverage can has been
derived, we evaluated the accuracy of using this model in a
MOD technique based on the study of the electrical param-
eters, specifically, on a self-sensing approach. Therefore, we
have conducted some experimental tests on the prototype for
EV wireless chargers in Fig. 8. In these tests, we varied the
positions of the can and measured the current and voltage of
the primary and secondary sides. We have also included the
variation on the position of the can in the system, effect which
has been modelled in Ansys Maxwell. For each position, the
software tool indicates the mutual inductances (M0, Mo
and M) and the corresponding coupling coefficients (K10,
K50 and Kj5). The coupling coefficients are illustrated in
Fig. 10. The presence of the object does not impose a signifi-
cant variation on the coupling coefficient between the power
coils. On the contrary, coupling factors between the can and
the coils are severely affected by the relative position of the
object, which is expected to induce significant changes in the
voltage and current of the coils. In particular, the variation of
the coupling coefficient is more severe on the transmitter side
(Kj0 in Fig. 10). The efficiency of the system has a lower
variation, as shown in Fig.11.

FIGURE 8. Coils with the can in the prototype.

Using the parameters of the mutual inductances and the
precise electrical model that we have described in Section
IV, we can also obtain the simulated values for the voltage
and current on the primary and secondary sides. Thus, we
generate two data sets: (i) one based on experimental results
and (ii) one using the proposed model of the can and solved
as an equivalent electrical circuit in PSIM. The comparison
of these two sets of electrical values can provide a helpful
indicator of the accuracy of the can model.

The measurements and modelling have been conducted for
the positions of the can indicated as blue circles in Figure 9.
The can is always in contact with the primary coil and in
a horizontal position. The results comparing both approaches

VOLUME 4, 2016
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are in Fig. 12 and Fig. 13 for the primary and secondary sides
respectively. For each measured value, we have a vertical bar
indicating the 5% error interval. In this way, the precision of
the model can be easily evaluated. It can be seen that there
is a good agreement between the results derived from the
model and the experimental measurements for the primary
and secondary sides. The error of the model is lower than 5%,
so the model derived in this paper is a useful tool to include
this type of metal object in simulations.

= e, @, 9.
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FIGURE 9. Evaluated positions of the beverage can.
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FIGURE 10. Coupling coefficients of the system for different positions of the
can.

From these data, an important issue that could be evaluated
is whether the analysis of the electrical parameters is useful
for metal object detection, that is, a simple self-sensing
approach can be applied to detect the can. We have included
two horizontal lines in Fig. 12 and Fig. 13, which state the
1% error of the measurement with no object (grey area).
We assume that the amplitude and phase of the voltages and
currents can be measured with an error of 1%, as it is the
highest precision provided by the intrumental equipment. Us-
ing the amplitude of the currents (in Fig. 12.a and Fig.13.a),
we can only detect the object when it is in an area close to
the secondary coil. These points are marked as black squares
in Fig. 9.
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FIGURE 11. Efficiency of the system depending on the position of the can.

A similar conclusion can be derived with the amplitude of
the primary voltage. However, the phase of the currents on
both the primary and secondary sides reveal themselves as
good indicators of the presence of a metal object. Using a
combination of different measurements with pre-processing
techniques (such as feature extraction or PCA-based ap-
proaches) can further extend these thresholds. A detailed
and comparative analysis of these techniques is beyond the
purpose of this work. However, the modelling methodology
proposed can surely be used to create data towards these
kinds of investigations.

VI. CONCLUSIONS

This paper presents an effective model of a beverage can
as a metal object in an EV wireless charger. The electrical
characterization of the can is elaborated as a simple series
connection of an inductance and a resistance, which are
derived from the physical modelling of the can in a FEM
tool. The model has been verified with lab measurements,
concluding that there is a good agreement between model
and experimental data. The electrical model of the can was
included in a larger simulation for a WPT system to assess
the macroscopic effect of the can positioning on the electrical
parameters of the system, testing a wide range of positions
in the power transfer area. By comparing the experimental
and simulated data of this large test, we can conclude that the
model for the beverage can is valid, making is useful to create
large datasets required for the implementation and training
of black-box FOD techniques. The analysis of the results
highlights that the amplitude of the current and voltages are
only useful to detect a metal object when it is close to the
secondary coil. For the entire area, monitoring the phase
in the primary currents is foreseen as a better self-sensing
technique. Although the procedure described in this paper
(physical characterization and derivation of the electrical
model) is used for a can-shaped object, the same methodol-
ogy could be applied to other objects, independently of their
dimensions.
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FIGURE 13. Electrical parameters of the receiver coil with 5% tolerance.

FIGURE 12. Electrical parameters of the transmitter coils deviation with 5%

tolerance.
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