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Abstract: If the energy transfer for charging the traction battery of an electric vehicle takes place
wirelessly and with inductive components, the active area of the charging system must be monitored
for safety reasons for the presence or intrusion of metallic objects that do not belong to the charging
system. In the past, different concepts for such monitoring have been described. In this paper, passive
inductive sensors are used and characterized based on practical measurements. With this type of
sensor, the detectability of metallic foreign objects is very closely related to the characteristics of the
magnetic field of the charging system. By optimizing the geometry of the sensor coils, the authors
show how foreign object detection can be improved even in areas with low excitation of the foreign
objects and the sensor coils by the magnetic field. For this purpose, a charging system, with which
charging powers of up to 10 kW have been realized in the past, and standardized test objects are
used. Furthermore, the thermal behavior of the metallic test objects was documented, which in some
cases heated up to about 300 °C and above in a few minutes in the magnetic field of the charging

system. The results show the capability of passive inductive sensors to detect metallic foreign objects.
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. , , 1. Introduction
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For wireless charging systems, inductive power transfer is currently prefered by
standardization organizations [1-4]. Thereby, the ground assembly coil, located outside the
vehicle, and the vehicle assembly coil form an ironless transformer. The magnetic field of
this transformer also interacts with metallic objects that are not part of the charging system
Publisher’s Note: MDPI stays neutral ~ but are located in the active area between the ground and vehicle assemblies. Such objects
with regard to jurisdictional claims in  can be parts of the vehicle but also undesired metal objects such as coins, metal foils, nails,
published maps and institutional affil-  etc. Metallic objects may become very hot within the magnetic field mainly due to eddy
iations. current and hysteresis losses. Such a heated object is a potential safety hazard if it has a

temperature that is dangerous to touch at the time that the object becomes accessible, if it
damages the surface on which it lies and, as a result, creates an electrical thermal issue, or

e if flammable materials ignite with which it is in contact. According to SAE J2954 [1] and
Copyright: © 2022 by the authors. 1IN EN TEC 61980-1 [2], such hazards should be avoided by an appropriate design of the
Licensee MDPI, Basel, Switzerland. . . . . . .

ground assembly coil or by using a subsystem for detecting metallic foreign objects.

For the detection of metallic foreign objects, different methods have been proposed
in the past. They range from power electronics measurements [5-14], monitoring the free
Attribution (CC BY) license (https://  SPACE betweer.l t}.le coils of the power transfer system [15-17] up tF) detection of Changgs

. ) in the magnetic field of the charging system [18-39]. A good overview of such methods is
creativecommons.org/licenses /by / . O T . .
10/). given by [40-43]. The use of the individual methods is to some extent strongly influenced
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by the application area. In the automotive field, passive inductive sensors are currently
favored because of the simplicity in design and that they do not require a separate signal
source [42].

In this paper, practical measurements on a wireless charging system are presented and
discussed. The focus is particularly on the thermal behavior of metallic foreign objects in
the charging system, which characterizes the hazard risk they pose, and on the detection of
such objects with passive inductive sensors, taking into account the real ambient conditions
in the charging system. When using inductive sensors, the characteristic of the magnetic
field of the charging system is decisive for the excitation of both the foreign objects and the
sensor coils. In a wireless charging system, the main points to be considered are as follows:

*  The magnetic field of the charging system is not homogeneous.

*  The magnetic field of the charging system is much stronger than that of the foreign objects.

¢ Typically, differential sensors are used whose output signal represents the gradient of
the magnetic field.

These points have been discussed individually in the past and led to a gradual change
in the design of the sensor coils. The evolution of passive inductive sensors is discussed in
more detail in Section 5 based on the findings from the practical measurements. As one of
the results of this work, a new sensor design has emerged that improves the detection of
metallic foreign objects, especially at the points where the determining component of the
magnetic field of the charging system takes the value zero and thus typically no objects are
detectable. Further results of the investigations are the illustration of the influence of the
material of the foreign objects and the different sensitivity of the sensor coils depending on
the relative size and position of coil and foreign object to each other.

For the practical measurements, an experimental setup is used with which charging
powers of up to 10 kW have already been transmitted in previous projects [44,45]. However,
only the ground assembly of the charging system is used in the measurements. Why?
In [1], it is specified that the detection of metallic foreign objects is mainly the task of the
ground assembly and that it is important to detect foreign objects both prior to and during
power transfer. This means that the detection of metallic foreign objects should work
both with and without the vehicle assembly. The use of the ground assembly without the
vehicle assembly thus represents an initial measurement scenario in which the detection of
metallic foreign objects should be possible. This scenario can be extended by the vehicle
assembly and a vehicle or vehicle replica. However, there are many boundary conditions
that influence the results of the measurements. In the case of the positioning of the vehicle
assembly, these are, for example, the distance in the z-direction, the offset in the x- and in
the y-direction, and the rotation in the three spatial axes (roll, pitch and yaw). Other factors
include the design of the vehicle and vehicle assembly, and the materials used. This leads
to a great number of measurements in the experiment, which require a lot of time.

Against the backdrop of a very sharp rise in time required, practical tests in connec-
tion with automated driving are also currently being discussed. The European projects
ArchitectECA2030 [46] and AI4CSM [47] are manifestations of this process. One strategy
to solve this time problem is simulation and thus virtual development and validation. In
the course of testing this strategy for wireless charging systems, the charging system and
foreign object detection will be simulated in a second step. With the help of the measure-
ment results presented here, the simulation models used can be validated. With the valid
models, new scenarios can subsequently be simulated, such as the presence of the vehicle
assembly. Since typically only computational equipment is needed to run the simulations,
this approach is usually cheaper and faster than the practical experiments.

2. The Ground Assembly of the Used Charging System
2.1. Mechanical and Electrical Parameters
The ground assembly used in the experimental setup consists of a flat rectangular coil

whose reactance is compensated by two capacitor blocks connected in series. This series
resonant circuit is driven by two power transistors in a half-bridge module, which gets
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its energy from a DC link. The latter is fed either from a three-phase stand-alone network
designed for up to 110 kVA coupled with a rectifier, or from a 3 kW DC source for smaller
charging powers. In Table 1 the main parameters of the resonant circuit of the ground
assembly are collected. As shown in Figure 1, the used coordinate system was chosen to
have its origin at the center of the ground assembly coil. The x- and y-axes are in a plane
with the ground assembly coil and parallel to the sides of the coil, which is narrower in
the x-direction than in the y-direction. The z-axis is perpendicular to the largest spatial
dimensions of the ground assembly coil, with positive coordinates assigned to the areas
above the coil.

Table 1. Parameters of the series resonant circuit of the wireless charging system ground assembly.

Parameter Description/Value
Coil:
Dimensions
in x-direction: 360 mm (inside)/600 mm (outside)
in y-direction: 510 mm (inside)/750 mm (outside)
Material: Litz wire NELC840/38SPSGB (5 x 4 x 42 AWG 38, & 4.2 mm) [48]
Number of parallel wires: 3
Number of turns: 7
Inductance: 83.3 uH
Average quality factor: 1065
Ferrites:
Type: Blinzinger Ferrite plate 120 mm x 40 mm x 6 mm (BMEFS8) [49]
Number: 126
Position: Top side 4 mm below and centered to the coil
Dimensions
in x-direction: 720 mm
in y-direction: 840 mm
Capacitors:
Type: WIMA FKP1U024707E00]S (47 nF, 2000 V—, 700 V~, 5 %) [50]
Number: 64 (2 blocks with 8 parallel branches with 4 in series each)
Total capacity: 48.6nF
Average quality factor: 3008
Resonance frequency:
measured: between 77.75kHz and 78.00 kHz
calculated: 79.1kHz

Carrier Plate

A

444 mm
|
375 mm

I

255 mm

300mm 180 mm

Figure 1. Ground assembly coil, carrier plate for sensor coils and defined system of coordinates.

The values of the flat coil and the compensation capacitors as well as the resonance
frequency were measured using an Agilent LCR meter type E4980A. The inductance and
capacitance values were captured over the entire operating frequency range of the charging
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system (79 kHz to 90 kHz according to [1,3,4]). The quality factor of the flat coil is almost
constant within the operating frequency range of the charging system and reaches its
maximum value in the frequency range between 81.5kHz and 81.9 kHz. The largest value
of the quality factor of the compensation capacitors was measured with 7846 at a frequency
of 7.4kHz. In the operating frequency range of the charging system, the quality factor
drops roughly linearly from 3316 to 2822.

The current flowing in the resonant circuit of the ground assembly can be considered
to be sinusoidal. In previous works [44,45], a current of 50 A rms to 65 A rms was used in
the resonant circuit of the ground assembly at a transfered power of 3.6 kVA. At a power
of 7.2kVA, the current varied between 50 Arms and 75 A rms, and at 11 kVA between
50 Arms and 95 Arms. The required value of the current was mainly influenced by the
design of the vehicle assembly, the current state of charge of the battery and the distance
between the ground and vehicle assemblies.

To achieve low switching losses of the power semiconductors, especially zero voltage
switching, the load must exhibit inductive behavior. In a series resonant circuit, this is the
case above the resonant frequency. For this reason, the measurements shown below were
carried out at a switching frequency of 80 kHz.

2.2. The Magnetic Field of the Ground Assembly

For the investigation of the sensor coils and as well for the documentation of the
thermal behavior of test objects it is necessary to know how the magnetic field is formed
around the ground assembly coil. For example, the standards SAE ]J2954 [1] and DIN
CLC IEC/TS 61980-3 [3] define that objects for testing should be placed at positions where
the magnetic field of the ground assembly is strongest. For this purpose, ref. [3] refers
to the highest flux density of the magnetic field as reference parameter. In [1] no specific
parameter is given, but reference is made to the locations with the largest magnetic field
component parallel and perpendicular to the surface of the ground assembly package,
which must be specified and marked by the manufacturer.

Therefore, in the first step of the investigations carried out here, the magnetic field
of the ground assembly coil is measured. Since a coil without a housing is used, the
measurements are made in an xy-plane of the coordinate system and thus parallel to the
largest spatial dimensions of the ground assembly coil. In this case, the magnetic field
component perpendicular to the surface of the ground assembly is the z-component and can
be measured directly. The magnetic field component parallel to the surface of the ground
assembly, i.e., within an xy-plane, is composed of the respective x- and y-components. If
the magnetic flux density is used as reference parameter, the amplitude of the in plane
component can be calculated as follows:

|Byy| = /B% + B2 (1)

Figure 2 shows the values measured along the x-axis of the coordinate system at
y = 0mm at currents of 4 A rms and 10 A rms in the ground assembly coil. The flux density
of the magnetic field of the ground assembly was measured using a measurement device
from Hioki type FT3470-52 with a probe of 3 cm? measuring area. At a current of 4 A rms,
the instruments measurement range of 200 uT for the magnetic flux density was used. Thus,
the measurements can be made with the highest possible accuracy. At a current of 10 A rms,
the maximum flux density of the measuring probe of 500 uT at 80 kHz alternating frequency
of the field is reached according to the manufacturer’s specifications. The measuring probe
was moved on the carrier plate and was thus located with its bottom side at the coordinate
z = 13mm. The base area of the probe’s housing has an edge length of 26 mm. In height,
the housing is 27 mm.
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Figure 2. Magnetic flux density of the magnetic field of the ground assembly along the x-axis of
the coordinate system at y = Omm and currents of 4 Arms and 10 A rms (left) Component in the
xy-plane (right) z-component.

In the left diagram in Figure 2, it can be seen that the component in the xy-plane has a
zero at x = 0mm. On both sides of the y-axis of the coordinate system the x-component
has the opposite direction. A similar situation can be seen for the z-component in the
right diagram in Figure 2, where the zeros are located at x ~ £250 mm. This means that
the z-component has a different direction in the inner area of the ground assembly coil
than outside.

Additionally, the magnetic flux density was measured in the upper left quadrant of
the ground assembly coil at other characteristic points (Figure 3). Among them are the
paths of the extrema of the z-component and its zero crossing. The diagonal path across
the corner of the ground assembly coil was measured mainly to determine the magnitude
of the magnetic field component in the xy plane, since this is composed of the x and y
components and cannot be read directly from the instrument, and thus to identify the
locations of maximum flux density.
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Figure 3. Magnetic flux density of the magnetic field of the ground assembly at a current of 4 A rms
(left) Component in the xy-plane (right) z-component.

Figure 3 shows that the x- and y-components of the magnetic flux density have a value
of zero at the coordinate origin. Above the y-axis of the coordinate system the x-component
has the value zero—above the x-axis, this applies in the same way to the y-component.
The component in the xy-plane has its maxima approximately in the middle above the
wires of the ground assembly coil, directly above the x- and y-axis of the coordinate system,
respectively. The maximum of the z-component occurs near the corner inside the ground
assembly coil (see also Table 2).
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Table 2. Maximum values of the magnetic flux density of the charging system.

Operating Component in the xy-Plane at Positions z-Component at
Current x = —240mm x = 0mm x = 240 mm x = —162mm
y = 0mm y =318 mm y = 0mm y = 240mm
4 Arms 193.4 uTrms 193.9 uT rms 188.2 uT rms 212 uTrms
10 Arms 480 uTrms 483 uT rms 468 uT rms —

3. Metallic Foreign Objects in the Magnetic Field of the Ground Assembly

Metallic objects located in the magnetic field of the ground assembly coil interact with
it and heat up mainly due to eddy current and hysteresis losses. This heating is used at the
same time in the standardization as a basic test criterion for the entire wireless charging
system or subsystems thereof. Among other things, test objects, temperature limits, cooling
times and test procedures are defined in [1-3] for this purpose. Test objects listed include
coins, nails and metal foils or sheets. However, if the test objects are compared in detail,
especially dimensions and material, there are only a few similarities. Therefore, the test
objects listed in Table 3 were used for the measurements within the scope of this work.

Table 3. Test objects used as metallic foreign objects.

Number Name Dimensions [mm] Composition

Euro coins [51]

1 0.05 € 221.25x1.67 Copper-covered steel
2 0.50 € 22425 % 2.38 Nordic gold
3 1.00 € 223.25%x2.33 Outside: nickel brass
inside: copper-nickel, nickel, copper-nickel
4 2.00 € 225.75%x2.20 Outside: copper-nickel
inside: nickel brass, nickel, nickel brass
5 Metal sheet/bar 50 x50 % 0.2 Aluminium
6 55x55x0.2 Copper
7 100 x 70 x 10 Steel
8 Nail 23.8x98 Steel

In[1] as well as in [2,3], the upper temperature limit for the test objects used is specified
to be 80 °C—although a test object may also exceed this limit if it cools down to lower
values again within a period of 60 s after the power transfer has stopped. In accordance
with SAE ]J2954 [1], the test duration with an active magnetic field is limited in time to
5min and 10 min, respectively—according to DIN CLC IEC/TS 61980-3 [3] the tests are
performed until a thermal equilibrium is reached.

The thermal behavior of test objects 1 to 6 was measured at the position with maximum
z-component of the magnetic flux density (see Table 2) and in case of test objects 7 and
8 at one of the positions with maximum xy-component of the magnetic field component
(x = =240 mm, y = 0mm) [1]. The test objects were aligned with their longest dimension
parallel to the x-axis of the coordinate system. For the temperature measurements, currents
of 50 Arms and 80 A rms, respectively, were set in the resonant circuit of the ground
assembly. The specimens were exposed to the magnetic field for a time of 5min. After
that, the charging system was turned off and the time of cooling was measured. A ceramic
tile (300 mm x 300 mm x 7 mm) was placed between the test objects and the carrier plate as
thermal protection. The test objects were thus positioned approximately at z = 20 mm.

For the temperature measurements fiber optic sensors and the measuring system from
Optocon type FTMS with measuring modules type Fotemp-2K were used. The temperature
sensors were placed in the center of the test object. Since the measuring system is only
designed for temperature measurements up to 300 °C, the measurement was terminated
prematurely by turning off the energy source when the test object had exceeded this limit.
The measured values are shown in Table 4.
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Table 4. Thermal behavior of the test objects.

50 A rms Coil Current 80 A rms Coil Current
Number Temperature Time! Cooling Time? Temperature Time! Cooling Time 2
[°Cl] [min:s] [min:s] [°Cl [min:s] [min:s]

1 136.8 05:03 00:58 269.2 05:03 03:30
2 71.6 05:02 — 126.3 05:02 01:16
3 83.8 05:02 00:10 156.7 05:05 01:49
4 109.4 05:04 00:45 190.6 05:09 02:46
5 154.8 04:57 01:38 302.2 03:00 04:40
6 97.1 05:05 00:35 293.5 05:04 05:41
7 309.7 04:42 39:15 — — —

8 324.1 01:54 03:42 — — —

I Duration of heating with active magnetic field; 2 Duration of cooling below the upper temperature limit
of 80 °C.

With test objects of the same shape, approximately the same size but made of different
materials, the influence of the material is clearly visible. This applies especially to the coins
and metal foils. The measured values in Table 4 also indicate why the standardization
bodies favor, for example, the 0.05 € coin over the 2 € coin included in earlier versions of
SAE J2954, or why foils and sheets made of aluminum and not copper were specified as
test objects in the standards.

As can be seen from the measurement results, the test objects heat up to over 70 °C at
currents that are practically relevant for energy transfer, which makes their handling in the
test difficult or impossible. Therefore, the subsequent measurements were carried out only
at a current of 10 A rms in the ground assembly coil.

4. Sensor Coils for the Detection of Metallic Foreign Objects

Within the scope of the measurements, passive inductive sensors of different shapes
are to be investigated. These essentially consist of conductor loops which are stimulated
by both the magnetic field of the ground assembly coil and the magnetic fields around the
test objects in which eddy currents flow. According to the law of induction, the voltage
induced in the sensor coils is proportional to the time variation of the magnetic flux density
penetrating the area of the conductor loop. Since the magnetic field of the ground assembly
coil of a wireless charging system is much stronger than that of the test objects and the
sensor coils are only intended to detect the presence or absence of metallic foreign objects,
they are typically designed as differential sensors and thus measure the gradient of the
magnetic field. In this way, ideally, the effect of the magnetic field of the ground assembly
coil can be eliminated in the area of the sensor coil and only the influence of the foreign
object is captured. In practice, this effect is achieved by a clever choice of the size and
orientation of the conductor loops of a sensor coil, whereby the inhomogeneities of the
magnetic field of the ground assembly coil must also be taken into account.

In order to be able to design and position the sensor coils flexibly, a carrier plate was
designed and used. Its surface is crisscrossed with 2 mm wide and deep grooves, which
form a square grid with 24 mm edge length parallel to the coordinate axes (Figure 1). In
relation to the coordinate system used, there are 16 grid elements on each side of the y-axis
and 18.5 grid elements above (positive y-direction) the x-axis. The tested sensor coils were
made by inserting enameled copper wire with a diameter of 0.3 mm and therefore have
dimensions corresponding to multiples of this grid. To describe the used sensor coils, a
type specification in the form n x | x w is used, which indicates that the coil consists of
n sections (conductor loops with one turn each) of identical size, each with a length of
I x 24mm and a width of w x 24 mm. The length is always given in the x-direction and
the width in the y-direction of the coordinate system. The conductor loops are oriented in
such a way that the output voltage of the sensor coil ideally has a value of zero without the
presence of a foreign object (offset voltage). The coil geometries listed in Table 5 were used
for the measurements. Figure 4 shows as an example the schematic structure of the sensor
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coils 2 and 6. During the measurements, the sensor coils were at a height of z = 11 mm and
thus about 2 mm below the test objects.

Table 5. Used sensor coil geometries.

sy 1
Number Type . POS.ItIOII of the Conductox: Loo.ps Offset Voltage 2
nXIlxXw x-Direction [mm] y-Direction [mm]
1 2x1x1 variable 0
90.28 mV rms
2 2x32x1 0 +24 19.89 mV rms 3
3 2x16x1 £192 —48
4 2x16x1 £192 48
5 4x8x1 +288, +96 0 103.54 mV rms
6 8x4x1 £336, 240, +144, £48, 0 11.67mV rms
7 2x3x3 136 0 7.51mVrms

I Coordinates of the centers of the individual conductor loops; 2 Output voltage of the sensor coils without the
presence of a foreign object; 3 The coil was set up twice. Both implementations had different offset voltages.

- aF }'—y:24mm : x:?mm :
e e J=om-- RSB OEEEE-
e — } y=—24mm x = —240mm | X = 336mm

Figure 4. Sensor coil schematics—the signs represent the orientation of the conductor loops, the
colors indicate the distance to the symmetry axis (left) sensor coil 2 (right) sensor coil 6.

The measurement signals were acquired using a Keysight MSOX4024A oscilloscope.
A differential probe type N2818A was used to measure the sensor voltage and a probe type
N2790A was used to measure the DC link voltage. The current in the resonant circuit of
the ground assembly was measured using a PEM Rogowski coil type CWTMini HF06B.
For the measurements, a current of 10 A rms was fed into the resonant circuit of the ground
assembly. The phase angle of the sensor voltages was measured with respect to the current
flowing through the ground assembly coil.

Since the magnetic field of the ground assembly coil is not homogeneous, a location
dependence of the sensor coil output voltages is to be expected during the measurements.

4.1. Signal Interference Due to Capacitive Coupling

During initial test measurements, it was found that the sensor coils produce varying
levels of interference voltage depending on their design, with an amplitude that in some
cases was significantly higher than that of the expected useful signal. Therefore, in a first
step, the interference voltage was measured as a function of the coil position and the
coil shape.

The interference voltage is coupled into the sensor coils synchronously with the
switching edges of the input voltage of the series resonant circuit of the ground assembly.
The causes shall be parasitic capacitances between the ground assembly coil and the
respective sensor coil and the slew rate of the input voltage of the series resonant circuit.
Measurements of the slew rate between 10% and 90% of the maximum amplitude have
shown an average value of 1.2 V/ns. If the gradient is calculated continuously over the
recorded measured values, the maximum value was 1.5 V/ns when averaged over five
successive values.

Figure 5 shows the results obtained for the position-dependent detection of the inter-
ference voltage. For this purpose, sensor coil 1 was placed above the x-axis of the coordinate
system and the voltage induced in it was measured. The two conductor loops of the sensor
coil were arranged at different distances symmetrically to the y-axis of the coordinate
system, taking into account the symmetry of the magnetic field of the ground assembly
coil. The trend line shows an increasing voltage amplitude with increasing distance of the
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sensor coils from the y-axis. The largest deviations of the measured values from the trend
line occur above the flat coil and at its inner edge—the hot end of the ground assembly coil.

150 -
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v O :
g 8 75 1
o > ] 1
£ E 3 -
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0 9% pa - 1

Distance to y-axis [mm]

Figure 5. Position dependence of the interference voltage when using sensor coil 1.

In the Table 6 the maximum amplitudes of the interference voltages for different types
of sensor coils are shown. It can be seen that the amplitude of the interference voltages
does not change proportionally to the area of the sensor coil, but is strongly dependent on
the shape of the respective coil.

Table 6. Interference voltage capacitively coupled into different sensor coils.

Number Sensor Coil Area Interference Voltage
Grid Size Size [cm?] [mV peak]
2 64 368.64 80.33
3 32 184.32 190.80
4 32 184.32 165.70
5 32 184.32 1071.13
6 32 184.32 1171.55
7 18 103.68 17741

The interference voltages are in the frequency range above 1 MHz and thus have
significantly higher frequencies than the useful signals. Therefore, a 6th order active low-
pass filter with Bessel characteristics was developed and used to measure the feedback
effects of the test objects on the sensor coils. The low-pass filter has a 3 dB cutoff frequency
of 240kHz, attenuates the high-frequency interference signals and amplifies the useful
signals at 80 kHz by a factor of 20 (26 dB). The amplification of the useful signal improves
the signal-to-noise ratio for the measurement with the oscilloscope, but is taken into
account and removed during the acquisition. This means that the signal values given in
the following sections correspond to the level at the input of the filter and the output of the
sensor coils, respectively. The signal propagation time of the filter of 2 us was included in
the measurements and corrected as part of the post-processing of the signals.

4.2. Influence of the Magnetic Field of the Ground Assembly on the Sensor Coils

Ideally, the sensor coils should fade out the magnetic field of the ground assembly coil
and only detect the influence of metallic foreign objects. Therefore, differential coils are
used, which are constructed and positioned to take advantage of the symmetry properties
of the ground assembly coil and its magnetic field. In Figure 6, the voltage induced in a
single 24 mm x 24 mm sized conductor loop is shown while it is at different positions above
the x-axis of the coordinate system. In this context, the visualization of negative signal
amplitudes is a qualitative consideration of the phase angle of the measured signal, which
can only be interpreted in relation to the positive signal amplitudes in the same diagram.
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Figure 6. Voltage induced in a conductor loop of size 24 mm x 24 mm as a function of its position
(left) Actual measured signal amplitudes (right) Signal amplitudes considering the phase angle of
the induced voltage.

From these diagrams, the induced voltage in larger conductor loops can be derived by
summing up the measurement results over the corresponding area of the conductor loop.

4.3. Feedback Effects of Metallic Foreign Objects on the Sensor Coils

In [27], the authors simulated the functionality of their proposed sensor coils. Starting
from an offset voltage of 7.5mV, they show an amplitude of the output voltage of the
sensor coils that increases steadily with the number of coins used as foreign objects. With
eight coins, they reach a signal amplitude of 22.4mV. However, the increase is not linear
with the number of coins and the authors do not provide any information on how the coins
were placed relative to the sensor coil and the magnetic field.

Due to the inhomogeneity of the magnetic field of the ground assembly, the influence
of the test objects was investigated depending on their position. In Figure 8 the results
for sensor coils 2 and 6 with a 0.05 € coin as test object are shown as representative
examples. In the case of sensor coil 2, the coin was moved parallel to the x-axis along the
coordinate y = 24 mm (see also Figure 4). If the coin would be moved along the coordinate
Yy = —24 mm, its influence on the sensor coil would ideally be equal in magnitude but
would have the opposite sign. In the case of sensor coil 6, the coin was moved parallel to
the x-axis along the coordinate y = 0 mm (Figure 7).

x = —144mm x =0mm x = 144 mm /Sensor coil
3 3 ! 3 3
jj -0-0--0- A -d4 o p —u -0-—0—o-- —o—-0---o —U— -0---0-—0— -0 -0 —0— M -o0--g.© —» -0-o- 1‘[ y= 0mm
N e i j L) JL
8 : | : !
Test object X = —48mm x =48 mm Measuring positions

Figure 7. Schematic of the measurement positions (center of the coin) and the relative size of the
sensor coil and test object 1 on a section of the sensor coil 6.

If the sensor coil without a test object produces an output voltage that is smaller than
the influence of the test object, then not only the amplitude of the sensor signal but also
its phase angle must be measured, since a phase shift occurs when the zero line is crossed
(see Figure 8 bottom). If the output voltage, which can be measured without a foreign
object, is higher, the phase angle of the sensor signal changes only in a small range and
does not show any discontinuities. The influence of the test object in such a case can be
calculated easily as the difference between the measured signal value and the offset value
(see Figure 8 top).
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Figure 8. Output signals of the sensor coils depending on the position of the test object 1 (top) Signals
of the sensor coil 2 (bottom) Signals of the sensor coil 6 (left) Actual measured signal amplitudes
(right) Calculated influence of the test object taking into account offset voltage and phase angle.

In practice, the accuracy of the measurement with respect to both the amplitude value
and the phase angle decreases as the actual measurable signal amplitude approaches zero,
since noise and other interferences then have an increasing influence.

When the post-processed measured values reach the zero line, the test object is no
longer detectable, because then the output voltage of the sensor coil is identical to its
offset voltage—the value of the output voltage that can be measured even without the
foreign object. This is the case in the bottom right diagram in Figure 8 with the coin located
between two oppositely aligned conductor loops (see also Figure 9), since in these cases
the sensor coil is symmetrically stimulated. As it can be seen in the two diagrams on the
right in Figure 8, the coin is also undetectable at the locations where the z-component of
the magnetic field of the ground assembly coil takes the value zero (x ~ £250 mm).

Figure 9. Positions where a foreign object can stimulate the sensor coil 6 symmetrically.

As a comparison to the coin shown so far, the steel nail shall now be used. For
the measurements, the steel nail was aligned with its largest dimension parallel to the
x-axis and moved along the coordinate y = 24 mm (Figure 10). The left diagram in the
Figure 11 shows that the influence of the nail on the sensor coil 2 is significantly smaller
but comparable in its position dependence to that of the coin in Figure 8. In addition, the
voltage induced in the sensor coil by the presence of the nail has the opposite polarity
compared to the coin if both objects are in the same position relative to the sensor coil.

The right diagram in the Figure 11 shows the influence of the test object 7—the steel
bar—when it is moved in y-direction above the y-axis (x = 0 mm) over the sensor coil. The
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test object was aligned with its longest dimension in the direction of the y-axis. Here it
can be seen that detection is not possible in two situations: firstly, when the test object
is positioned exactly in the center of the sensor coil and secondly, when the test object
covers about half of each of the two conductor loops of the sensor coil. In the first case the
entire sensor coil is symmetrically stimulated, in the second case the respective affected
conductor loop.

x = —144mm x =0mm x = 144mm Sensor coil
: : ! : :
: : ! : :
—0-0-0--0 0 o/ 00 0 0 O <}—ﬁ»a}——t}—<::>——<§>——‘::»—«::>r 0—:¢+0—0--0-0-0--G0-¢--0:-0-0--0-= Y = 24 mm
: : I :
; : i : :
Test object x = —48mm X =48 mm Measuring positions

Figure 10. Schematic of the measurement positions (middle of the nail) and the relative size of the
sensor coil and test object 8 on a section of the sensor coil 2.
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Figure 11. Calculated influence of the test objects 7 and 8 on sensor coil 2 as a function of the position
of the test objects taking into account offset voltage and phase angle (left) Test object 8 (right) Test
object 7.

For small test objects, the influence at the edge within a conductor loop is larger than
in its center. This effect occurs not only in the x-direction (Figure 8 bottom) but also in the
y-direction, if the sensor coil is significantly larger than the test object. Figure 12 shows this
using the example of sensor coil 7 and test object 1. To improve the spatial impression of
the representation, additional values were calculated between the captured measurement
points and displayed as a grid using MATLAB and a spline interpolation.

a— lest object

Induced voltage
[mV rms]

eSO = Tr=uF

72

48

24
0 {mm]

e coin center

s 24
x-PositiOﬂ of th

Figure 12. Output voltage of sensor coil 7 with test object 1 (left) Position-dependent influence of the
0.05 € coin (right) Schematic of the measuring positions (center of the coin) and the relative size of
sensor coil and test object.
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As already shown in Figures 8 and 11, the test object is not detectable at the points
where the z-component of the magnetic field has the value zero. However, in the design of
the sensor coils, only the axial symmetry of the magnetic field of the ground assembly coil
has been considered so far. On both sides of its zero value, the z-component of the magnetic
flux density has opposite signs. Thus, in a conductor loop of the sensor coil covering the
zero line, partial voltages with opposite phases are induced which compensate each other.
If the orientation of the conductor loop of the sensor coil is also reversed at the zero line of
the z-component of the magnetic flux density, then the voltages induced in the sensor coil
are added.

Therefore, a modified version of the sensor coil 2 was manufactured and tested. Its
structure does not fit into the scheme used so far, because conductor loops with different
sizes were chosen. The offset voltage of the implementation of the modified sensor coil was
87mV rms. The left image in Figure 13 shows the ideal shape of such a sensor coil—the
right one the version realized for the measurements based on the grid of the carrier plate.

x = 0mm x = 0mm
| |
(2 S S NI i S
*'*'*'*'*‘j ——————————— X ————————————————————— y=0mm ---— - —mmimm X— ——————————— —————————
U B B S B
B, ::0 uT ‘ B, ::O uT X = —i40mm ‘ X = 240mm

Figure 13. Schematic of the modified sensor coil 2—the signs represent the orientation of the conduc-
tor loops, the colors indicate the induced voltage (left) Ideal shape (right) Realized version.

Figure 14 shows the feedback effects of the 0.05 € coin and the steel nail on this sensor
coil. During the measurements, the test objects were aligned with their largest dimension
parallel to the x-axis and moved along the coordinate y = 24 mm. The main difference to the
previous results is in the area around the x-coordinates £250 mm, where the z-component
of the magnetic field reaches zero, but the test objects are still detectable.

SR

- .

] L4 ]
T T T T T T T T 12 -

-384  -288  -192 -96

x-position of the coin center [mm]

0 96 192 288 384 -384 -288 -192 -96 0 96 192 288 384
x-position of the middle of the nail [mm]

Figure 14. Calculated influence of the test objects 1 and 8 on the modified sensor coil 2 as a function
of the position of the test objects taking into account offset voltage and phase angle (left) 0.05 € coin
(right) Steel nail.

5. Discussion

The measurement results shown in the previous sections have minor asymmetries.
These are caused by mechanical tolerances, since the inductive main components of the
system under consideration were all manufactured by hand. The alignment of the ground
assembly coil and the sensor coils to each other was also conducted manually. A significant
symmetry deviation is caused by the electrical contact of the inner winding end of the
ground assembly coil. Therefore, measurements were limited to y-coordinates greater than
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or equal to —180 mm. Mechanical tolerances are also the reason for the differences in the
offset voltages of the sensor coils.

In this work, a ground assembly with a flat rectangular coil was used. The design
and arrangement of the individual conductor loops of the sensor coils for foreign object
detection are mainly influenced by the magnetic field of the ground assembly coil. If a coil
with a different magnetic field is used in the ground assembly, e.g., a double-D coil, then
the shape and arrangement of the sensor coils must be adapted.

The capacitively coupled interferences detected in the measurements can be reduced
not only by filtering the measurement signal as described above, but also by reducing the
slope of the edges of the voltage applied to the resonant circuit of the ground assembly.
This can be accomplished by adding more passive reactances to the coupling network
between the power electronics and the ground assembly coil, to give the coupling network
a low-pass characteristic. In this way, an approximately sinusoidal waveform of the voltage
can be achieved.

Due to practical limitations, some of the measurements were not carried out under
real operating conditions of the charging system.These limiting conditions include limits
for the used measurement technology but also physical reasons, such as the heating of
metallic test objects in the magnetic field. However, the necessary values for real operating
conditions can be derived from the measured values.

5.1. The Magnetic Field of the Ground Assembly

The magnetic flux density of the ground assembly coil was measured at currents of
4 Arms and 10 A rms. It clearly shows, according to Ampere’s law, a proportionality to the
flowing current. By using this linear relationship, the flux densities shown in Table 7 can be
calculated for operating currents of the charging system between 50 A rms and 100 A rms.

Table 7. Maximum magnetic flux densities of the charging system at different operating currents in
the resonant circuit of the ground assembly calculated from the measured values.

Operating Component in the xy-Plane at Positions z-Component at
Current x = —240mm x = 0mm x = 240 mm x = —162mm
y = 0mm y = 315mm y = 0mm y = 240mm
50 Arms 2.42mT rms 2.42mT rms 2.35mT rms 2.65mT rms
80 Arms 3.87mT rms 3.88 mT rms 3.76 mT rms 4.24mTrms
100 A rms 4.83mT rms 4.85mT rms 4.70mT rms 5.30mT rms

5.2. Thermal Behavior of the Test Objects

When recording the thermal behavior of the test objects, a thermal equilibrium as
specified in [3] as termination condition for the definied tests was not observed in any of
the cases at an ambient temperature in the range of 25 °C to 30 °C (Figure 15). There are
three main reasons for this:

*  The measurement period was limited in time and thus apparently too short.

*  The premature termination of the test of individual test objects if they have heated up
very quickly and very strongly, such as the steel nail.

*  The permanent emission of thermal energy of the test objects to their environment

The latter effect was particularly noticeable with test object 7, i.e., the test specimen
with the largest heat capacity and at the same time large surface area. The measurements
indicate that longer test times are necessary to achieve a thermal equilibrium. However, the
measurement setup and the measurement technology must then cover a wide temperature
range, since the test objects heat up very differently.

With a current of 50 A rms flowing through the ground assembly coil, test objects 1
through 4 and 6 would pass the test sequence as defined for charging systems without
a foreign object detection in [1]—but test objects 5, 7, and 8 would not. At a current of
80 A rms, the charging system does not pass this test sequence with any of the test objects.
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This means that the wireless charging system used here would necessarily have to have a
foreign object detection system.
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Figure 15. Heating of test objects as a function of time at a current of 50 A rms in the ground assembly
coil (left) Test object 2 (right) Test object 8.

5.3. Feedback Effects of Metallic Foreign Objects on the Sensor Coils

The voltages induced in the sensor coils by the magnetic field of the ground assembly
coil and the eddy currents driven in the test objects are determined, according to the law
of induction, by the time variation of the part of the magnetic flux density that penetrates
the corresponding surface. This results in fundamental properties of passive inductive
sensors. Due to their arrangement, the sensor coils used here are mainly influenced by the
z-component of the magnetic field.

The magnetic field generated by the eddy currents in the respective test objects is
directed in the opposite direction to its cause and damps the magnetic field of the ground
assembly coil. In the case of dia- and paramagnetic metallic materials, it is mainly the
damping of the magnetic field of the ground assembly coil that determines how well the test
objects can be detected. For ferromagnetic materials, two effects compete with each other.
One is the damping of the magnetic field of the ground assembly coil due to the magnetic
field that is formed as a result of the eddy currents. On the other hand, ferromagnetic
materials also boost the magnetic field of the ground assembly coil because they conduct
the magnetic flux due to their very low magnetic resistance and thus influence the magnetic
field in their direct vicinity. A direct comparison of the measurement results shows that
the second effect prevails for test objects 8 and the first effect for test object 1 (compare
also Figures 8, 11 and 14). With regard to detectability with passive inductive sensors, test
object 1 thus behaves like the other coins, although it has a core made of steel.

Passive inductive sensors are already known in various forms from other publications.
The results of this investigation are suitable for deriving recommendations for the design
of such sensors. A significant problem in the detection of the test objects is a possible
symmetrical stimulation of the sensor coil by the test object (Figures 8, 11 and 16a). In
this case, the influence of the test object is faded out as well as the magnetic field of the
ground assembly coil. This effect is also described, among others, in [26] for so-called blind
spots between individual conductor loops in a sensor array and in [27] for the dead zone
between two conductor loops of a sensor coil. In both publications, the authors propose a
second layer with the same sensor coils but shifted in their position to solve this problem
(Figure 16b). In this case, however, due to the symmetry properties and the inhomogeneity
of the magnetic field of the flat rectangular ground assembly coil, a significantly non-zero
output voltage would be induced in the second sensor coil, because one of the conductor
loops overlaps the symmetry axis and thus other conductor loops with the same induced
voltage are no longer oriented in opposite directions.
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Figure 16. Compensation of areas where a sensor coil can be symmetrically stimulated by a foreign
object (red markings)—the signs symbolize the orientation of the conductor loops, the colors the
induced voltage (a) First level sensor coil (b) Principle of the second level sensor coil according
to [26,27] (c) Consideration of the symmetry of the ground assembly coil for the second level sensor
coil (d) Adjustment of the size of the conductor loops of the second level sensor coil (e) Conductor
loops that completely cover the ground assembly coil in the considered spatial direction.

This limitation can be addressed in several ways. First, it would be possible to take
into account the symmetry of the ground assembly coil. In this way, the voltages induced
in the conductor loops located on both sides of the symmetry axis compensate for each
other (Figure 16c). However, in this way, the insensitive area of the first sensor coil, which
is located on the symmetry axis, cannot be compensated. A second option is to match the
areas of the sensor coil’s conductor loops in the second plane so that the voltage induced in
the conductor loop shown in green compensates for the voltages induced in the conductor
loops shown in red and blue (Figure 16d). Another possibility for the space dimension
shown arises when the conductor loops of a sensor coil completely cover the ground
assembly coil (Figure 16e), as proposed for example in [21,22,31]. Here, the sensing coil
is formed by at least two conductor loops arranged in parallel. However, the problem
of symmetrical stimulation at the symmetry axis basically remains in the second spatial
dimension of the ground assembly coil (Figure 17 left).
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Figure 17. Compensation of areas where a sensor coil can be symmetrically stimulated by a foreign

=

object (red markings)—the signs symbolize the orientation of the conductor loops, the colors the
different sensor coils (left) Symmetrical arrangement of sensor coils in the second spatial direction
based on Figure 16e (right) Asymmetrical arrangement of the two sensor coils close to the symmetry
axis of the second spatial direction as proposed in [31].

This could be almost completely avoided by arranging another group of sensor coils
rotated by 90° on a second layer, as proposed e.g., in [21]. In this solution, the test objects
would be undetectable only in the center of the ground assembly coil. Another solution
was proposed in [31]. Here, the two inner sensor coils were arranged asymmetrically with
respect to the ground assembly coil (Figure 17 right). If the conductor loops of the sensor
coils are only very narrow compared to the dimension of the ground assembly coil, then the
unbalance of the magnetic field between the conductor loops of one of the sensor coils is
only small and can be neglected. As the right diagram in Figure 11 shows, a foreign object
must be centered above the coil in order not to be detected. In the case of the asymmetrically
arranged sensor coils in the right image in Figure 17, this is not possible for both sensor
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coils at the same time if the object overlaps one or both of the coils and is small with respect
to the ground assembly coil. However, this effect becomes less effective with increasing
size of the foreign object, because then the influence of the foreign object becomes more
and more uniform in the area of the sensor coils and thus the stimulation of the sensor coils
becomes more and more symmetrical.

5.4. Improved Detectability of Foreign Objects by Using a Modified Sensor Coil

As the results for the modified sensor coil 2 show, the detectability of foreign objects
can also be improved in the region where the z-component of the magnetic field takes the
value zero. However, these improvements depend on the size of the foreign object and its
orientation. The farther a foreign object extends into the blue and red conductor loops of
the lower and upper halves of the coil in Figure 13, respectively, the better it is detectable.
Thus, for small or narrow foreign objects that are perpendicular or oblique to the sensor
coil, this effect is reduced. Similarly, the further away the sensor coil is to be placed from
the center of the ground assembly coil, the more difficult it becomes to modify the sensor
coil in the appropriate manner. A possible sensor coil configuration for the entire ground
assembly area based on the left image from Figure 13 and the right image from Figure 17 is
shown schematically in Figure 18.

RYSRRY pYS

Figure 18. Improvement of the detectability of foreign objects in areas where the decisive component
of the magnetic field, in this case the z-component, takes the value zero—the signs symbolize the
orientation of the conductor loops, the colors the different sensor coils.

5.5. Improved Feedback Effects of Metallic Foreign Objects on the Sensor Coils

The feedback effect of a small metallic foreign object on a sensor coil is stronger the
closer it is positioned to the inner edges of a conductor loop of the coil. If, for example,
euro coins are taken as a reference, the best results are achieved with conductor loops with
a width between 22 mm and 26 mm.

As can be seen from the right diagram in Figure 11 and from Figure 12, foreign objects
located at the outer edge of the conductor loop of a sensor coil have only little influence
on the output signal of this coil. If the foreign object is large compared to the width of the
conductor loop, as is the case for the steel bar (test object 7) in the left image in Figure 19, it
can be detected by adjacent sensor coils. If, on the other hand, the foreign object is rather
small compared to the width of the conductor loops, as it is for the 0.05 € coin (test object 1)
in the middle and left images of Figure 19, then it can only be detected poorly by the
affected sensor coils. An improvement of the detectability can be achieved in the last two
cases if the output signals of the two sensor coils involved are summed up in phase, that is,
if they are added in the case of the identical orientation of the conductor loops involved
(Figure 19 middle) and subtracted in the case of the opposite orientation of the conductor
loops involved (Figure 19 right).
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Figure 19. Foreign objects at the outer edge of a conductor loop of the green sensor coil—the signs
symbolize the orientation of the conductor loops, the colors the different coil pairs (left) Steel bar
(middle) Coin between two identically oriented conductor loops (right) Coin between two oppositely
oriented conductor loops.

6. Conclusions

From the perspective of a wireless inductive charging system, the detection of metallic
foreign objects represents a safety-relevant sub-function [1]. In this work, the capabilities
of passive inductive sensors in detecting metallic test objects were presented. The results
shown here can be used to make comparisons with other types of sensors and other
detection methods.

The thermal behavior of the used test objects shows the hazard potential posed by
metallic foreign objects in wireless inductive charging systems. In practice, such hazards can
be reduced by enabling the charging system to detect foreign objects and react appropriately
to their presence.

In general, passive inductive sensor coils can be designed to detect metallic foreign
objects, such as those specified as test objects in [1,3], in most of the area above the ground
assembly coil. However, three weaknesses cannot be fully compensated:

1.  The dependence on the magnetic field, and thus the difficulties in detecting metallic
foreign objects at locations where the decisive field component—in this work, the
z-component—takes the value zero

2. The non-detectability of one or more foreign objects when they stimulate a sensor coil
symmetrically

3. The non-detectability of several foreign objects when they stimulate a sensor coil with
the same intensity but in oposite directions

In this work, the modification of a sensor coil already known in its basic form is
proposed and described. Thus, the effect, which was mentioned in the first point, can
be reduced.

The measurements were performed only on a special type of wireless charging system
and also only considering the ground assembly. It can be assumed that not only the design
of the ground assembly coil but also the presence of the vehicle assembly and that of the
vehicle itself will affect the magnetic field of the ground assembly. However, since various
factors, such as the shape of the vehicle, the materials used or the alignment of the ground
and vehicle assemblies with respect to each other, influence the measurement results in
this case, the associated test and measurement effort would be very high. Therefore, based
on the measurements presented here, the next step is to simulate the detection of metallic
foreign objects. This should provide the basis for future virtual development and validation
of such systems.
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