748

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 1, JANUARY 2019

Self-Inductance-Based Metal Object Detection With
Mistuned Resonant Circuits and Nullifying Induced
Voltage for Wireless EV Chargers

Seog Y. Jeong

, Student Member, IEEE, Van X. Thai, Student Member, IEEE, Jun H. Park, Student Member, IEEE,

and Chun T. Rim, Senior Member, IEEE

Abstract—In this paper, a metal object detection (MOD) system,
a kind of foreign object detection (FOD), which is based on mis-
tuned resonant circuits and utilizes the variation of self-inductance
of a sensing pattern, is newly proposed for wireless electric vehicle
(EV) chargers. The sensing pattern that consists of multiple loop
coil sets is mounted on the transmitting (Tx) pad of an EV charger,
where a loop coil set has two coils connected in series with the op-
posite polarity to cancel out the induced voltage generated by the
Tx coil. Variation of self-inductance of the loop coil set is detected
by a parallel-resonant circuit, driven by a current source and op-
erating at near 1 MHz, in order to enhance the resolution of the
proposed MOD system. To increase the detection sensitivity of the
proposed MOD system, instead of an exact resonant frequency, a
mistuned operating frequency near the -3 dB point is utilized for
the parallel-resonant circuit. In this way, the proposed MOD sys-
tem can detect very small metal objects regardless of their position
and orientation on the Tx coil without any blind zone. Through
simulations and experiments, it is found that the proposed MOD
system detects not only horizontal but also standing upright metal
objects. A prototype MOD system, operating at 85 kHz to satisfy
the standard J2954, was fabricated to verify its feasibility. The
results showed that output voltage change of the proposed MOD
system becomes 22.7 % for a piece of the aluminum foil of 3 x 3 cm?
and 40.9% for 100 Korean Won coin.

Index Terms—Blind zone, foreign object detection (FOD), metal
object detection (MOD), mistuned resonance, wireless electric ve-
hicle (EV) charger.

I. INTRODUCTION

S INTEREST in and demand for electric vehicles (EVs)
have increased in recent years, inductive power transfer
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systems (IPTSs) based on magnetic coupling between two coils
have been extensively studied for convenient and safe charging
of EVs [1]-[19]. From the viewpoint of power transfer capabil-
ity, there have been significant improvements in efficiency, max-
imum power transfer capability, and tolerances through analysis
of resonance topologies, designing a magnetic coupler, and re-
search on new control schemes. During the transfer of power,
transmitting (Tx) and receiving (Rx) coils generate a strong ac
magnetic field. When foreign objects such as metal objects ap-
proach the wireless EV charger, an eddy current is generated
inside the objects by the ac magnetic field [20]-[22]. In particu-
lar, when a large amount of eddy current flows inside a material
with high resistance such as metal objects, high temperature by
ohmic loss will eventually lead to combustion. To avoid this
problem, a metal object detection (MOD) system, employed for
foreign object detection (FOD), should transfer information on
the metal presence to the controller of the IPTS and the user
through the communication. While this is critical to prevent un-
wanted accidents, few studies to solve this problem have been
reported [23]-[36].

A method of detecting the system parameters, which detects
the quality factor, voltage, and current of the Tx or Rx coils
with and without metal objects, was proposed in [23] and [24].
However, this approach cannot clearly distinguish between the
effect of metal objects and the effect of misalignment of the Rx
pad since the parameters of the IPTS are changed by the posi-
tion of the Rx pad as well as the load condition. As a result, it is
only available in well-known fixed IPTS applications, such as
a well-aligned condition. The method based on efficiency com-
parison, which has already been applied to the Qi standard for
FOD, operates by transmitting data through in-band magnetic
communication between the Tx and Rx pads [25]. Although
the detection method is simple and cost effective, it only can
be used when the air-gap is short and the magnetic coupling is
strong, as in the Qi standard. While various methods using ad-
ditional equipment such as radar sensors, high-resolution cam-
eras, and thermos-graphic cameras have been introduced, they
are expensive and difficult to integrate [37]-[40]. Also, for the
above-mentioned methods, it is not desirable to use the param-
eters of the power system for high-power applications because
the ratio of the total power transfer capability to power loss of
metal objects is significantly different.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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In the meantime, MOD systems using an additional sensing
pattern, where the loop coils are connected in the reverse direc-
tion to cancel out the induced voltage, have been introduced by
KAIST and WiTricity [26]-[29]. The MOD system is able to
detect small metal objects because the induced voltage of the
sensing pattern, which is generated by the Tx coil, is theoreti-
cally set to zero, providing a simple, cheap, and suitable solution
for high-power IPTSs. Although the method using the magnetic
field generated by the Tx coil is effective, the sensing area is
limited by the magnetic field generated by the Tx coil, which
means there are some special areas called “blind zones” where
metal objects cannot be detected or only can be partly detected
[26]. In the case of multilayer construction of the sensing pat-
tern, the majority of blind zones at the intersection of loop coils
are resolved; however, blind zones may remain at points where
the magnetic field generated by the Tx coil is weak or only the
magnetic field component in the horizontal direction is present.
Even if the temperature of the metal objects does not increase
at these points, the MOD system must sense the metal objects
because they are potential hazard.

In this paper, to resolve the problem of blind zones, the MOD
system that utilizes the self-inductance change of a sensing
pattern and a mistuned parallel-resonant circuit is newly pro-
posed for wireless EV charger applications. The proposed MOD
system can detect very small metal objects regardless of their
position and orientation on the Tx pad with no blind zone. Ad-
ditionally, in order to increase the detection sensitivity of the
proposed MOD system, a mistuned operating frequency near —
3 dB point is utilized instead of the exact resonant frequency of
the parallel-resonant circuit. Theoretical analysis, simulations,
and experiments are presented in the following sections to verify
the proposed MOD system.

II. PRINCIPLE OF THE PROPOSED SYSTEM

The key idea of the proposed MOD system is to measure
the impedance of the sensing pattern (simple loop coil shape;
a detailed description will be introduced in the next section)
considering the reflected impedance by metal objects, as shown
in Fig. 1. The equivalent circuit model under the influence of
metal objects around the sensing pattern based on mutual cou-
pling modeling is shown in Fig. 2.

When metal objects are close to the sensing pattern, the
equivalent impedance should be changed. The equivalent cir-
cuit model expressed by an inductor with a series resistor or a
parallel resistor, respectively, can be expressed as

Zcq,s = jwasLl + 557'1
Zeq.p = jwale + ﬁpRl

(1a)
(1b)

where L1 and r; are the self-inductance and internal resistance
of the sensing pattern without metal objects. R; is an equivalent
parallel resistor of the sensing pattern without any metal objects.
o, B, and (3, are defined as the variation ratio of L;, r;, and

Tx pad |
(b)

Fig. 1. Concept of the proposed MOD system, where metal objects are placed
on the Tx pad. (a) Bird’s eye view. (b) Front view, where loop coil n is connected
in series withn’, n € {1,2,..., M, N }.
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Fig. 2. (a) Equivalent circuit model of the sensing pattern under the influence
of metal objects. (b) Simplified equivalent circuit model expressed by an inductor
with a series resistor. (¢) Simplified equivalent circuit expressed by an inductor
with a parallel resistor.

R, as follows:
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where Lo and 7y are the equivalent inductance and resistance
of the metal objects and M is the mutual inductance between
the sensing pattern and the metal objects. Here, the subscripts
“s,” “p,” “w, " denote “series,” “parallel,” “with metal

‘D, ” and “wo
objects, and “without metal objects,” respectively. In general,
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Fig. 4. (a) Equivalent circuit model for the series-resonant topology.  Fig. 5. (a) Equivalent circuit model for the parallel-resonant topology.

(b) Its impedance characteristics.

the reactance of the metal objects w Ll is much bigger than 7,
being inversely proportional to the conductivity o, and thereby
the eddy current inside of the metal objects is out of phase
with the current of the sensing pattern. From (1) and (2), the
equivalent inductance L.y always decreases by the influence
of the metal objects, whereas the equivalent series resistance
(ESR) req always increases, resulting in an increase of the self-
resonant frequency and conduction losses. It is not easy to ap-
ply the methods of the conventional metal detectors [41], [42]
because a lot of high-frequency noise comes from the switch-

(b) Its impedance characteristics.

ing power system in the IPTS. Thereby, in case of wireless EV
charger applications, the quality factor Q of the sensing pat-
tern and the signal-to-noise ratio should be bigger than those
of the conventional metal detector. In addition, the size of the
sensing pattern is also limited depending on the metal objects
since the detecting sensitivity is dramatically reduced when the
metal objects are much smaller than the sensing pattern. The
conventional sensing methods, such as the use of an ac signal
without any modulation, make the system more complex and
costly due to the noise and high operating frequency. Moreover,
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Fig. 6. Plots of impedance variation at resonant condition versus « and [
with (a) parallel-resonant topology and (b) series-resonant topology.

it is difficult to employ the MOD system directly in wireless
EV charger applications because the impedance variation by a
metal object may not be sufficient compared to the effects of
noise.

As aremedy for this problem, a resonance topology is applied
to the MOD system to amplify the impedance variation. The
proposed MOD system consists of the sensing pattern, a parallel-
resonant circuit, its driving circuit excited by a sine wave current
source with angular frequency wy, and filters, as shown in Fig. 3.
For a better understanding of the readers, the description of other
parts is omitted.

A. Comparison Between Series/Parallel-Resonant Topologies

To amplify the impedance variation, two types of resonant
circuits with an op-amp are compared: a series-resonant circuit
and a parallel-resonant circuit. The series-resonant circuit and
its impedance characteristics are shown in Fig. 4.

In the case of the series-resonant circuit without metal objects,
the impedance of the equivalent circuit at angular resonant fre-
quency w, should be designed as the minimum value (ideally
zero for lossless component) where w, is defined as follows:

1

S 3
w o 3)

When a metal object is placed near the sensing pattern, Leq
and r¢q of the sensing pattern are changed to L, and G371,
respectively. Therefore, the impedance of the series-resonant
circuit at w, increases, resulting in the deviation from the full
resonance condition, as follows:

(4a)
(4b)

Zs.mo (wr) =T

Zsw (wr) = —=jQs (1 — )y + Bem

A8 Sensing

_m_| I"_ ,\LM",\ 4« pattern

Fig. 7. Proposed parallel-resonant circuit with an inverting amplifier.

w/o metal object
with metal object

Amplitude of Z,

Fig. 8. Impedance characteristics for mistuned parallel-resonant at w3 qp .

where the quality factor Qs of the series-resonant circuit without
metal objects is defined as follows:

)

The impedance variation in the series-resonant circuit at the
resonant condition AZ; (w, ) can be obtained by subtracting the
amplitude of (4a) from the amplitude of (4b), as follows:

AZ; (wr) =1 (\/Qf(l —a)’ + B, - 1) )

The parallel-resonant circuit and its impedance characteristics
are also shown to find a better method, as shown in Fig. 5. In the
case of the parallel-resonant circuit, its impedance is maximized
(ideally infinite) when there is no metal object.

In contrast to the case of a series-resonant circuit, the
impedance of a parallel-resonant circuit without the metal object
at w, should be designed as the maximum value (ideally infinity
for lossless components). When the metal objects are placed
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Fig. 9. Overall structure of the proposed sensing pattern.

80
3 701
é —&— w =10 mm
o 60+ --@-- w =20 mm
S ° A w=30mm
S 504
= A\
N
o 40
g \
S 30+
=
Q
=
= 20
g
=
10 A Al ‘- a g
A A A A A
0 T T T T T T 1
20 40 60 80 100 120 140 160
Length of sensing pattern / (mm)
(2)
804 a
.
04
‘ —&— =10 mm

60 % --@- =20 mm

¢ ---Ac-w =30 mm

50

40

30

20

Inductance variation (%)

O T T T T T T 1
20 40 60 80 100 120 140 160

Length of sensing pattern / (mm)
(b)

Fig. 10.  Simulation results of self-inductance variation of the sensing pattern
with respect to the length of sensing pattern / for an air-gap of 0.5 cm with a
thin aluminum foil. (a) Size of the thin aluminum foil: 2 x 2cm?. (b) Size of
the thin aluminum foil: 3 x 3 cm?.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 1, JANUARY 2019

Vol R R
ca Jv‘vfllf \ 4 Jv‘v‘l ' + Voo Cf4 Rﬂ Vo3
—2Cﬂ )
L = Ry G
2R,/ e I ”
— = 1, + 4
G G 3
@ =
Q=025 Q=250 Q=1000
Operating range of IPTS

Transfer function of ¥,;/7,,

1000
Frequency (KHz)

(b)

Fig. 11. (a) Circuit configuration of band-stop filter and band-pass filter.
(b) Its transfer function.

near the sensing pattern, Leq and req of the sensing pattern are
changed to al; and (3, R, respectively. Here, the impedance
of the parallel-resonant circuit at w, decreases, resulting in de-
viation from the full resonance condition, as follows:

Zpwo (wr) =Ry (7a)

Bp R1
1—-j Qp ﬂp %
The quality factor ), of the parallel-resonant circuit without
metal objects is defined as follows:

Zyw (wy) = (7b)

®)
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The impedance variation in the parallel-resonant circuit at a
resonant condition AZ, (w, ) can be also obtained by subtracting
the amplitude of (7a) from the amplitude of (7b), as follows:

AZ, (w) =Ry 15])/\/1Jr <Qpﬂp¥>2

€))

In order to compare two resonant topologies, the graphs for
AZ(w,) and AZ,(w,) versus « and (3, are drawn in Fig. 6. For
both resonant topologies, impedance variation is more sensitive
to « than ;. AZ,(w,) is always bigger than AZ(w, ) for a
high Q. In other words, the parallel-resonant circuit is more
sensitive than the series-resonant circuit. The parallel-resonant
circuit is also advantageous in that it is more insensitive to noise
than the series-resonant circuit due to its high output voltage
characteristic. Therefore, the parallel-resonant circuit is adopted
in the proposed MOD system.

B. Mistuned Parallel-Resonant Circuit

The parallel-resonant circuit consists of an inverting am-
plifier, unidirectional MOSFETs .S,,, blocking capacitors C,,,
n € {1,2,..., N}, aresonant capacitor C),, and input side re-
sistance R;,,, as shown in Fig. 7.

Not only to increase the sensitivity of the proposed MOD
system but also to simplify the circuit at the same time, unidi-
rectional MOSFET switches control the parallel-resonant circuit
time-divisionally. Common source terminals of all switches are
connected to the virtual ground of the op-amp to simplify its
driving circuit. A parallel feedback resistor I?, represents the
equivalent resistance of the sensing pattern. If the ESR of the
sensing pattern changes too much with respect to temperature
variation, the MOD system can be stabilized by inserting an ad-
ditional external resistor. However, it should be noted that if an
excessively small resistor is inserted, Q of the parallel-resonance
circuit decreases, leading to decreased sensitivity. The series ca-
pacitor C',, with a sufficiently large capacitance is connected in
series with the switch to block the dc component. The parallel
capacitor C), forms a feedback loop to adjust w, of the parallel-
resonant circuit. For easy control, w, should be kept at the same
value for all sensing patterns, as follows:

1 1
. . N A 1))

\/Ll(cl”Cp) Ln(CnHCp)

The inverting amplifier boosts the out voltage (7b) times the
input current. The op-amp with sufficient bandwidth should
be selected since the closed-loop feedback gain is larger and
the operating frequency is high. The transfer function of voltage
gain is given as follows:

Vo1 (w) 1

GEvw T

Rin 14 jB,Ry (WC —1/(waly))
(11)

Metal objects

Loop coil set 1

Loop coil set2

Fig. 12. Overall configuration of the FEM 3-D simulation for N = 16,
we, = 3cm,and [, = 15¢cm.
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o rvose-06| 7
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® Ctesia)

[

Metal object

Fig. 13.  FEM simulation results of magnetic field distribution of the sensing
pattern. (a) When loop coil set 1 is excited without the metal objects. (b) When
loop coil set 2 is excited where metal objects are placed perpendicularly to the
loop coil set 2. (¢) When loop coil set 2 is excited where the metal objects are
placed perpendicularly to loop coil set 1. (d) When loop coil set 2 is excited
where the metal objects are placed horizontally with loop coil set 2.

Slightly different from the previously mentioned, the operat-
ing angular frequency of the proposed MOD system is mistuned
to — 3 dB frequency wsqp from w, since it is not easy to accu-
rately track w, under the condition with a high Q, as shown in
Fig. 8.

For example, if the operating frequency is incorrectly set as a
higher value than w,., then when the metal objects are placed near
the sensing pattern, there is a point at which the impedances are
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Fig. 15. Simulation results for operation verification of the proposed
MOD system.

equal to each other. As a result, the MOD system cannot detect
the metal objects due to the large amount of noise absorbed
into the circuit. The second reason for employing the mistuned
resonant condition is higher sensitivity. The variation of the
impedance of wsqg, AZ,(w)3qp in the area below w, is given
as follows:

AZ, (wsa) = |Zp.wo (W3aB) w (W3aB)|
~ Ry /Bp/\/ Qpﬁp )}
ﬂpRl
Z)_’u,' (W?)dB) = :
' 1= {1+ (52) (Y@ +1+1)}

12)

From (13), AZ,(w)sqp is always larger than AZ,(w,)
regardless of aand (3, for high Q. Namely, the mistuned parallel-
resonant circuit shows better performance

1

AZP (wgdB) — AZP (w,,,) ~ R1 <E

— 1) > 0. (13)
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C. Designing Sensing Pattern

The sensing pattern, which consists of multiple loop coil
sets in order to increase the sensitivity, is mounted on the Tx
pad, where each loop coil set has two coils connected in series
with the opposite polarity to cancel out the induced voltage
generated by the Tx coil. Self-inductance change of the loop
coil set is detected by the parallel-resonant circuit described
in the previous section. Inductors of the sensing pattern, i.e.,
Ly, Lo, ..., and L,, are connected to the common node, as
shown in Fig. 9.

There are two major points to consider when designing the
sensing pattern. First, the inductance variation and the number
of sensing patterns should be designed in a tradeoff relationship.
In order to confirm the tendency of inductance variation of the
sensing pattern, simulation was performed while changing the
size of the sensing pattern, as shown in Fig. 10.

As the size of the sensing pattern increases, its variation ratio
decreases since the amount of the magnetic flux generated by
the eddy current of the metal is relatively reduced compared
to the amount of the magnetic flux generated by the sensing
pattern. From the point where the length of the sensing pattern
is less than about three times the width of the sensing pattern,
the slope of the variation of inductance increases sharply.

The inductance variation by metal objects increases as the
size of the sensing pattern becomes smaller; however, a number
of sensing patterns are required to cover the entire area of the
Tx pad. Moreover, the signal processing can be complex, not
only because of long calculation time but also because of the
response time by system dynamics. Hence, the optimum design
is required to consider both the sensitivity of the sensing pattern
and the number of sensing pattern; however, this lies beyond
the scope of this paper. Second, the induced voltage on the
sensing pattern generated by the switching power system in the
IPTS should be taken into account. Although there are filters to
eliminate the effect of the induced voltage in the proposed MOD
system, the sensing pattern still should be carefully designed in
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Fig. 16. Experiment condition. (a) Sensing circuit. (b) Sensing pattern. (c)
Various metal objects.

order to cancel out the induced voltage. A simple method for
this purpose is to adjust the number of turns of each loop coil
sets so that the amount of linkage flux by the two loop coils
is equal. To reduce the induced voltage, two loop coils can be
connected in antiseries to cancel out the magnetic flux.

D. Filter Design and Frequency Selection

The filters can be roughly divided into two stages, as shown
in Fig. 11(a). An active type of twin-T band-stop filter with
the sum of two key properties, having the same magnitude and
being out of phase with each other, is applied to the first stage
to eliminate the induced voltage by the IPTS. The frequency
response of the twin-T band-stop filter is shown in Fig. 11(b).
It can be confirmed that the signal of 85 kHz by the switching
power system in the IPTS is clearly attenuated by more than
60 dB keeping attenuation of the other signals to a minimum
value. The resistances and capacitances are chosen according to
the rules of the twin-T band-stop filter to filter out the 85 kHz
signal [43].

The second stage is a band-pass filter to eliminate the ef-
fect by the dc offset voltage of the op-amp and high-frequency
switching noise by the switching power system. If these signals
are not attenuated sufficiently, then they may cause malfunction
of the proposed MOD system. The center frequency of the band-
pass filter is designed to match the operating frequency of the
excited source, where the operation frequency of the proposed
MOD system is chosen as 12 times the frequency of the switch-
ing power system in the IPTS, near | MHz. To pass only the
signal of 1,020 kHz, a passive band-pass filter is simply applied,
as shown in Fig. 11(a). The voltage gain of the filters is derived
as follows:

Vos (w)
G =
2 (w) ‘/;1 (w)
- 1—a;w? as
S 1—a?? +jwaray  (ag +ay) +j (w— L)
4R
ay = Rp1Cy1 ay T +fj%f3 as = RyiCyy

(14)

III. SIMULATION RESULTS

To identify the behavior of the magnetic field of the sensing
pattern by the metal objects, FEM Maxwell simulations with
only two loop coil sets are considered, as shown in Fig. 12. The
magnetic flux is distorted by metal objects lying horizontally
with the sensing pattern where the surface of the metal objects
and the magnetic flux of the sensing pattern are not parallel, as
shown in Fig. 13(c) and (d). In contrast, there is no distortion for
metal objects lying vertically with the sensing pattern where the
surface of the metal objects and the magnetic flux of the sensing
pattern are parallel, as shown in Fig. 13(b), resulting in no eddy
current inside the metal objects.

The simulation results for inductance variation depending
on the height of the metal objects lying horizontally with the
sensing pattern are shown in Fig. 14(a). The size of the sensing
pattern is the same as the simulation condition, as shown in
Fig. 12, where the Tx pad of 724 x 628 mm? including ferrite
core has been added under the sensing pattern. The inductance
varies by 2.8% for an air-gap of 1 cm with a thin metal foil
of 3 x 3 cm?. The self-inductance always decreases for air-gap
decrease, whereas there is no change in the self-inductance when
the metal is placed vertically with the sensing pattern. To cope
with a blind zone by angle, another loop coil set lies alternately
one by one. By measuring the self-inductance of the adjacent
loop coil set shown in Fig. 13(c), it can be determined that there
is no blind zone on the Tx pad over the entire area. Moreover,
the effect by variation of air-gap between Tx and Rx pads is
also important. If the inductance of the sensing pattern is varied
by the Rx pad, it will be very difficult to match the mistuned
resonant condition. Therefore, it is meaningful to check the
variation of inductance by the Rx pad, the simulation results are
shown in Fig. 14(b). The self-inductance checked that the air-
gap between the Tx and Rx pads changes from 110 to 200 mm
in 10 mm intervals, where air-gap between the Tx and Rx pads
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object

Fig. 17.
foil is put at the center of loop coil set 1. (¢c) Multichannel operation of (b).

from 130 to 200 mm is generally used for wireless EV charger
applications. Through the simulation results, it was confirmed
that the self-inductance of the sensing pattern is not affected by
the variation of air-gap or misalignment in air-gap over 130 mm
because the distance between the sensing pattern and the Rx pad
is much larger than the width of the sensing pattern. In other
words, it does not require initial calibration according to the
presence of EVs.

To verify the operation of the proposed MOD system, only
two sensing coil are simulated by the PSIM 9.1.1 circuit simula-
tion tool where all circuit parameters including filters and peak
detector are designed based on the results in the previous chap-
ter, as shown in Fig. 15. When the self-inductance is changed
from 40.05 to 38.20 pH (about variation of 5%), the output
voltage decreases from 4.7 to 3.2 V, falling to 68% compared to
the case without the metal objects, with a dynamic response of
10 ms.

IV. EXPERIMENTAL RESULTS

The experiment was set up, as shown in Fig. 16. The Tx
pad and fabricated sensing pattern for the experiments were
724 x 628 and 314 x 612mm? in size, respectively. The sens-
ing pattern was fabricated to detect only one-quarter of the size
of the Tx pad for laboratory verification since the magnetic field
distribution on the Tx pad is symmetrical about front and rear
and left and right. The size of the loop coil was determined to
3 x 15 cm? considering detection of metal objects with a size of
3 x 3cm? and the number of loop coil sets being 50 or less.

The open voltage of the sensing pattern was measured when
Tx current of 20 Ay, satisfying 6.6 kW power transfer, was
applied to monitor how much noise is coming in. As shown in
Fig. 17(a), 0.7 Vs with the fundamental frequency of 85 kHz
and 6 V,,, high-frequency switching noise were induced. When
a3 x 3 cm? piece of the aluminum foil is put at the center of the
loop coil set 1, the output voltage decreased from 2.2 to 0.5V,
as shown in Fig. 17(b) and (c), where the 85 kHz noise only
remains by less than 40 mV, in terms of signal processing, it
can be rendered negligible by using various methods such as a
filtering algorithm.

Experiments results for various metal objects and position
are shown in Table I. The voltage of the proposed MOD system
decreased by more than 30% for four metal specimens at air-
gap of 5 mm. The possibility of the proposed MOD system for
wireless EV charger applications, thus, has been verified.

with metal
object

with metal

with metal )
object

object

() vo1 (t) wave form considering the high-frequency noise without excited current. (b) Output voltage v,3 (¢) when 3 x 3 cm? piece of the aluminum

TABLE I
OUTPUT VOLTAGE VARIATION FOR VARIOUS SPECIMENS

Metal types Relative Conductivity  Output
permeability voltage
variation
100 KRW coin (Diameter: 24 mm) 75.0 4.82 % 107 09V
500 KRW coin (Diameter: 26.5 mm) 75.0 4.82 x 107 1.2V
Aluminum foil of 2 x 2 cm? 1.0 3.54 x 107 0.7V
Aluminum foil of 3 x 3 cm? 1.0 354107 17V

V. CONCLUSION

In this paper, a new MOD system that can detect the entire
area on the Tx pad of wireless EV charger applications without
any blind zone has been proposed. A parallel-resonant circuit
with mistuned operating frequency near the —3 dB point has been
used to increase the detection sensitivity of metal objects. In this
way, it can detect very small metal objects regardless of their
position and orientation on the Tx pad. It has also been confirmed
that multiple loop coil sets can be operated by only one signal
processing circuit with electronic switches. A prototype of the
MOD system on the Tx pad, operating at 85 kHz to satisfy the
standard J2954, was fabricated, and it showed that the output
voltage was reduced by 22.7% for a piece of the aluminum foil
of 3 x 3cm? and 40.9% for 100 Korean Won coin.
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