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Abstract—For commercialization of wireless stationary electric
vehicles (EV) chargers, metal object detection (MOD) on a power
supply coil and detection of position (DoP) of EVs are needed. In
this paper, dual-purpose nonoverlapping coil sets for both MOD
and DoP, which detect a variation of magnetic flux on the power
supply coil, are newly proposed, where the proposed MOD and
DoP methods make no contribution to any power losses. The ex-
istence of metal objects on the power supply coil is determined
by an induced voltage difference of the nonoverlapping coil sets,
whereas the position of the EV is determined by an induced volt-
age of the nonoverlapping coil sets. A sensing circuit, which has
a variable resistor that is different from the conventional overlap-
ping coil for MOD, can make the induced voltage difference zero
even when the magnetic flux distribution is distorted by moving
the pick-up coil. The proposed nonoverlapping coil sets with the
sensing circuit have been demonstrated by simulations and exper-
iments. When metallic coins and aluminum sheets are located on
the power supply coil, the induced voltage difference of the coil
sets, which is ideally zero without metal objects, significantly in-
creases to 62.8 and 450 mV, respectively, which is more than ten
times the value without metal objects throughout experiments. In
addition, when the pick-up coil approaches the power supply coil,
induced voltage of each coil set increased roughly 1.6 times at 10 cm
air gap.

Index Terms—Detection of position (DoP), foreign object
detection (FOD), inductive power transfer (IPT), metal object
detection (MOD).
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I. INTRODUCTION

A S GLOBAL warming and air pollution are becoming
significant issues, transportation based on internal com-

bustion engines is being recognized as a major contributor to
these problems. In order to replace internal combustion vehi-
cles, electric vehicles (EVs) such as pure EVs (PEVs), hybrid
EVs (HEVs), and plug-in HEVs (PHEVs) have been developed.
Among them, PHEVs are considered the most practical alter-
native for the near future transportation market because of their
high energy efficiency and relatively low dependence on a bat-
tery compared to PEVs [1]–[4]. Conductive EV chargers based
on ac or dc connectors have been commercialized, but they are
not widely used by the public due to their heavy and inconve-
nient charging cables [5], [6]. As a solution for this problem,
wireless stationary EV chargers using an inductive power trans-
fer system (IPTS), which generally includes a power supply coil
and a pick-up coil, have been developed [7], [8].

For commercialization of wireless stationary EV chargers,
foreign object detection (FOD), which involves detecting metal-
lic and living objects, is one of the practical issues. To prevent
metallic object combustion due to eddy current losses during EV
charging, several metal object detection (MOD) methods have
been introduced to solve the combustion problem [9]–[12]. A
basic MOD method is to compare power losses with and without
metal objects. Due to its simple operation and cost-effectiveness,
it has already been applied to the Qi standard for FOD [9]. How-
ever, this method is not suitable for high power applications such
as wireless stationary EV chargers, because the portion of power
loss of metal objects is too small, compared to the total power
transfer capability. Another group of MOD methods is based
on measuring the voltage, current, power, phase, and frequency
of the resonators or quality factor for the pick-up coil with and
without metal objects. However, these methods have only been
validated for fixed wireless power transfer applications since the
parameters including the quality factor of IPTS are changed by
the position of the pick-up coil as well as the state of charge of
the battery.

WiTricity, meanwhile, has developed an MOD system that
has an overlapping coil structure comprising two reverse di-
rection loops based on the variation of the magnetic flux on
the power supply coil [11]. By magnetic field cancellation,
the induced voltage of the overlapping coil will be zero for a
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uniform magnetic flux distribution in the absence of metal ob-
jects. Magnetic fluxes are disturbed by the eddy current of a
metal object when a metal object is situated on the overlap-
ping coil, resulting in variation of the induced voltage. It is
suitable for high power IPTS because there is contribution to
power losses and no hindrance to power transfer. However, it
still suffers from an imbalanced induced voltage problem due
to the asymmetrical distribution of magnetic flux on the power
supply coil, which results in malfunction of MOD. A detailed
description of this critical problem will be presented in the next
section. Moreover, the overlapping sensing coil wastes at least
two layers of a printed circuit board (PCB) without any addi-
tional role. In addition to MOD, detection of position (DoP)
of an EV to align the power supply coil and the pick-up coil
for efficient power transfer is also important for commercial-
ization of wireless stationary EV chargers. Many techniques for
judging the existence of EVs have been studied to control each
segmented power system for dynamic charging [13]–[25]. For
wireless stationary charging systems, where it is important to
find the exact position of EVs, adoption of expensive equipment
such as video cameras, RFIDs, and optical sensors is considered
[14]–[17]. Along with their high cost, complexity of operations,
and difficulties in integrating with the power supply coil, how-
ever, the option is not well accepted because of malfunction that
often occurs due to dust or metal objects.

In this paper, novel dual-purpose nonoverlapping coil sets for
both MOD and DoP, which are located on the power supply
coil, are newly proposed. The proposed nonoverlapping coil
sets can be easily fabricated using a flexible PCB. The existence
of metal objects on the power supply coil is determined by the
induced voltage difference of the nonoverlapping coil sets, and
the position of the EV is simultaneously determined by induced
voltage of the nonoverlapping coil sets. The proposed MOD and
DoP methods do not contribute to any power loss, and thus, the
efficiency of the IPTS for wireless stationary EV chargers can
be maintained without additional power losses. The proposed
nonoverlapping coil sets have been demonstrated by simulations
and experiments with a prototype of the nonoverlapping coil sets
and a developed sensing circuit.

II. NONOVERLAPPING COIL SETS FOR MOD AND DOP

A. Overall Configuration of the Proposed Coil Sets

In general, the IPTS for wireless stationary EV chargers con-
sist of two subsystems:

1) a transmitter subsystem to provide power, consisting of
a utility frequency rectifier, a high-frequency inverter, a
primary capacitor bank, and a power supply coil including
cores and power cables; and

2) an on-board subsystem to receive the required power from
the transmitter subsystem. It includes the pick-up coil
including cores and power cables, a secondary capacitor
bank, a high-frequency rectifier, and a dc–dc regulator.

The nonoverlapping coil system for MOD and DoP, composed
of many pairs of the proposed coil set, are installed on the
power supply coil. As shown in Fig. 1, the proposed coil sets
are categorized into two coil sets based on their role: one is

Fig. 1. Configuration of a wireless stationary EV charger with the proposed
nonoverlapping coil sets.

lateral coil sets to obtain the lateral location information of
metal objects and EVs on the power supply coil and the other
is for the longitudinal location information. In practice, lateral
and longitudinal coil sets can overlap each other and they are
located on the power supply coil to simultaneously obtain both
lateral and longitudinal information for MOD and DoP. In Fig. 1,
these two different coil sets are spatially separated for a better
understanding of the readers.

When AC magnetic field is applied to metallic objects, eddy
current is generated in the metallic objects [26]. The eddy current
increases ohmic power loss of metallic objects, which may result
in high temperature for the case of large resistance in the metallic
objects. The skin depth of metallic objects δ for ac magnetic field
is given as follows:

δ =
√

2
μωσ

(1)

where δ is a function of permeability, angular frequency, and
conductivity. The value of δ for an aluminum sheet at 85 kHz is
0.28 mm [26], which is typically much larger than the thickness
of the aluminum sheet. For a thin aluminum sheet less than the
skin depth, the thinner the hotter, because of larger resistance
due to reduced effective conduction area.

B. Proposed Nonoverlapping Coil Sets for MOD

As shown in Fig. 2(a), the proposed nonoverlapping sets con-
sist of two nonoverlapping symmetric coils, D- and Q-coils.

When the power supply coil is engaged by high-frequency
current, the induced voltages of the D- and Q-coils can be cal-
culated from Faraday’s law as follows:

vd = −dφd

dt
(2a)

vq = −dφq

dt
(2b)
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Fig. 2. Nonoverlapping coil set. (a) Configuration. (b) Principle to obtain the
induced voltage difference.

where the time-varying induced voltages of the D- and Q- coils
are vd and vq , respectively. φq and φd denote the magnetic
fluxes generated by the power supply coil to pass through cross-
section of the D- and Q-coils, respectively. The induced voltage
difference is defined as follows:

Δv = vd − vq . (3)

Their magnetic poles are symmetrically arranged to obtain
the same induced voltages when the power supply coil gener-
ates magnetic fluxes during EV charging. A reference voltage,
which is ideally zero from (3), can then be obtained by con-
necting D- and Q-coils in reverse direction to each other when
there are no metal objects on the power supply coil, as shown
in Fig. 2(b). If there are metal objects on the power supply coil,
magnetic fluxes are distorted by eddy current induced in metal
objects, and thereby the induced voltage difference is no longer
zero. The MOD system can then detect the presence of metal
objects by using the variation of the induced voltage difference.
The nonoverlapping coil has a very small width to avoid de-
terioration in power transfer efficiency due to proximity effect.
Furthermore, the coil is connected to so high impedance sensing
circuit that no large circulating eddy current may flow.

In practice, the magnetic fluxes generated by the power supply
coil are not uniform through the D- and Q-coils. Therefore, the
null voltage area, which can be manually increased or decreased
at the design level, should be considered with the understanding
of the distribution of the magnetic fluxes on the power supply
coil so that the reference voltage can be zero or nearly zero.
In order to determine the feasibility of the proposed nonover-
lapping sets for MOD, a model using finite element method
simulations by ANSYS MAXWELL 15 has been designed, as
shown in Fig. 3. In the simulation, only a single nonoverlapping
coil set was used to assess its feasibility and the dimensions of
the power supply coil as well as those of the nonoverlapping
coil set are listed in Table I.

To verify the proposed concept, copper coins are employed
as metal objects where coins were placed inside the D-coil.
As shown in Fig. 4, the induced voltage difference between
the D- and Q-coils increases as the number of coin increases.

Fig. 3. FEA simulation model of the proposed nonoverlapping coil set for
MOD with the power supply coil. (a) Bird’s view. (b) Front view.

TABLE I
SIMULATION PARAMETERS OF NONOVERLAPPING COIL SET

Parameter Value

Ferrite core of the power supply coil 600 × 440 × 8 mm3

Outer dimension of the power supply coil 540 × 380 mm2

Inner dimension of the power supply coil 410 × 250 mm2

Size of nonoverlapping coil set 360 × 45 mm2

The number of turns 20

Current of the power supply coil 20 A

Size of coin 4.5 cm2

Fig. 4. Simulation results of the induced voltage difference of the nonover-
lapping coil set along to the number of coins.

The reference voltage is initially adjusted to 4.16 mV and the
induced voltage difference increases up to 62.8 mV with eight
coins on the power supply coil.

C. Proposed Nonoverlapping Coil Sets for DoP

DoP of an EV to align the power supply coil and the pick-
up coil for efficient power transfer is also an important issue.
Moreover, for the voltage source series–series compensation
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Fig. 5. Simplified configuration for the proposed nonoverlapping coil sets for
both MOD and DoP.

topology, the input and output currents increase with misalign-
ment, resulting in an increase of the output power. As a result,
a partial saturation in ferrite material can occur by increased
current and fluxes deflected at one side. The induced voltage of
each coil set has dependence on the pick-up coil since the distri-
bution of magnetic fluxes on the power supply coil is changed
by the ferrite material of the pick-up coil. Hence, the location
of the pick-up coil for DoP can be found only by measuring the
induced voltage of each coil set, as shown in Fig. 5, because
magnetic fluxes passing through each coil set change and this
leads to variation of the induced voltage of each coil set when
the pick-up coil moves on the power supply coil.

The vehicle location is identified by measuring one of the
induced voltages for the D- or Q-coils. The induced voltage can
be calculated by using Faraday’s law from (3). The threshold
voltage of the D- or Q-coils, which determines whether the
pick-up covers the coil sets, can be obtained by comparing the
induced voltage variation as the pick-up moved over the power
supply coil. In general, the induced voltage of the coil sets
has its minimum value when the pick-up coil is far from the
power supply coil while the induced voltage increases as the
pick-up coil moves closer to the power supply coil. Therefore,
the pick-up location can be identified by comparing the induced
voltages among the matrix of the coil sets. When there are metal
objects on the power supply coil, which also means they are on
the nonoverlapping coil sets, the induced voltage difference of
the nonoverlapping coil sets for MOD would have a nonzero
value because the metal objects disturb magnetic fluxes passing
through one of the D- and Q-coils. For example, metal objects
on the power supply coil can be detected and their location also
can be found by ΔVh6 , ΔVh7 , ΔVv5 , and ΔVv6 , as shown in
Fig. 5.

In this paper, the feasibility of the proposed nonoverlapping
coil sets for DoP has been studied by using an FEA simulation.
In order to assess the feasibility of the proposed nonoverlapping
coil sets for DoP, a simulation model has been designed, as

Fig. 6. Position of the pick-up with ten nonoverlapping coil sets for DoP.
(a) Initial. (b) When the pick-up coil moves.

shown in Fig. 6. In the simulation, ten nonoverlapping coil
sets, i.e., CS1, CS2, . . . and CS10, were used to determine the
feasibility, and the parameters of the power supply coil and the
nonoverlapping coil sets are listed in Table I.

At the initial condition, the center point of the pick-up coil
along the y-axis is dL of –600 mm, as shown in Fig. 6(a). As
explained in the previous section, only the induced voltage vq

for the Q-coil is measured for DoP. When the pick-up coil moves
closer to the power supply coil, vd or vq steadily increases based
on the pick-up location. For example, if the center point of the
pick-up coil is at the location (−d1 , 100), as shown in Fig. 6(b),
the pick-up coil fully covers the CS1. CS1, hence, will locally
have a maximum induced voltage. By checking the induced
voltage of the coil sets based on the reference value, the pick-up
location can be identified.

As shown in Fig. 7, the simulation results for DoP show vq for
different air gaps and it is found that vq of each Q-coil increases
when the pick-up coil approaches each of them and reaches the
peak value at the position where the pick-up coil fully covers
a Q-coil. In this paper, only lateral misalignment and variation
of air gap are considered to find the position of EV because
angular misalignment and tilt between the power supply coil
and pick-up coil are not significant in practice.

D. Sensing Circuit for MOD and DoP

The induced voltage difference can be matched at zero by
adjusting the null voltage area, similar to the conventional over-
lapping coil. However, it is not easy to make all coil sets to zero
in practice due to the uneven magnetic flux on the power supply
coil. Even if it is possible to make induced voltage difference of
all coil sets to zero, the induced voltage difference will no longer
be guaranteed as zero when misalignment of an EV occurs ac-
companying the phenomenon that magnetic flux is deflected to
one side.

The sensing signals should be converted to a dc value because
sensing the time-varying signals, which have high frequency
and many channels, not only requires high clock speed to the
microcontroller but also many analog–digital converter (ADC)
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Fig. 7. Simulation results of the DoP for the Q-coils with the different air
gaps such as (a) 50 mm, (b) 100 mm, (c) 150 mm, and (d) 200 mm.

Fig. 8. Proposed sensing circuit for MOD based on a three-node sensing
variable resistor.

channels. In case the induced voltage difference is not zero,
which means that magnetic flux is larger at one side, the metal
objects may not be detected even if they are placed on the power
supply coil. The most important factor for MOD is the relative
variation of the induced voltage difference value compared to
the case without metal objects. For example, when metal objects
are placed on the D-coil, which has larger induced voltage than
the Q-coil, the induced voltage of the D-coil decreases. The
metal objects may not be detected when the amount of voltage
reduction of the D-coil is twice that of the reference value;
only the phase of the induced voltage difference is reversed and
the magnitude of the voltage difference does not change. This
phenomenon can be accompanied by a more serious problem if
the reference voltage is higher. As a remedy for this problem of
the overlapping coil, a sensing circuit with a variable resistor to
control the induced voltage at a minimum value, as shown in
Fig. 8, was proposed.

Calibration and precise measurements are required as manda-
tory for mass production and repeatable systems. Although cal-
ibration is performed in factory considering magnetic field dis-
tribution of the power supply coil set, the voltage difference in
each coil set cannot be zero due to the distortion of magnetic
field by misalignments in practice. It is impossible to adjust
the resistance value by human hands each time before starting
wireless charging to keep the voltage differences as minimum
values. To solve this problem, a digital potentiometer, whose
resistance value is digitally controlled by a microcontroller unit
for calibration, is adopted in this paper.

The induced voltage difference by a variable resistor without
connecting any circuit is defined as follows:

Δv =
vdRq − vqRd

Rd + Rq
. (4)

The impedance does not affect the induced voltage differ-
ence in the conventional sensing methods based on two-node
measurement, whereas the proposed three-node sensing circuit
based on a variable resistor can control the induced voltage dif-
ference. This method not only makes the induced voltage dif-
ference zero but also provides position monitoring for DoP. As
mentioned in the previous section, although the nonoverlapping
coil sets are inductively coupled with a power supply coil, the
influence is not significant if the resistance of the sensing circuit
is very large. The variable resistor should be designed to have a
higher resistance than the internal resistor of the coil sets for two
main reasons: the first is to reduce the influence of reactance of
the coil sets to make the difference in the induced voltage zero
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Fig. 9. Parasitic coupling effect of the nonoverlapping coil sets by capacitive
coupling. (a) Side-view of the power supply coil and nonoverlapping coil sets.
(b) Its equivalent circuit.

and the second is to reduce the circulating current of the sensing
coil. In many cases, the difference in the induced voltage of each
coil reaches several hundreds of millivolts with a few ohms of
internal resistance. If a variable resistor with a lower value of
resistance is connected to the nonoverlapping coil sets in series,
the nominal allowable current density of the nonoverlapping coil
will be exceeded, resulting in damage to the nonoverlapping coil
sets.

The sensing circuit is vulnerable to noise because Δv of the
circuit for MOD basically is close to zero. According to SAE
J2954, the nominal switching frequency is assigned as 85 kHz.
The inverter generates 85 kHz square voltage using semicon-
ductor switches. High-frequency harmonics by gate drivers or
power semiconductor switches will be injected to the power sup-
ply coil, and the high-frequency harmonics eventually will be
coupled to the nonoverlapping coil sets, which is placed close to
the power supply coil, through parasitic capacitive coupling, as
shown in Fig. 9. Therefore, switching noise attenuation is nec-
essary, and a simple method to reduce the noise is introduced in
this section.

The largest portion of the noise is harmonics generated by
a high-frequency inverter through capacitive coupling between
power supply coil and nonoverlapping coil sets. The harmonic
noise deteriorates the level of confidence in detection, which
needs to be statistically described, though not shown in this
paper. One way to reduce the harmonic noise is to apply
a sinusoidal voltage source instead of a square wave to the
power supply coil using LCC compensation or dummy in-
ductors in series with the power supply coil. To reduce the
harmonic noise without any modification of the power sup-
ply coil, a passive first-order RC low-pass filter (LPF), which
contains Rd , Rq , and Cf , is added to the sensing circuit, as
shown in Fig. 8. The transfer function H(jω) is defined as

follows:

Hd (jω) =
1

1 + jωCf Rd
(5a)

Hq (jω) =
1

1 + jωCf Rq
. (5b)

A first-order RC LPF, which has an identical cut-off frequency
to the fundamental frequency, is designed because the major-
ity of harmonics are high frequency having a band of several
megahertz. Hence, zero voltage adjustment and noise filtering
are achieved simultaneously with Cf . The induced voltage is
derived as follows:

ΔV = Hd (jω) · Vd − Hq (jω) · Vq . (6)

Although most noise is rejected by the RC LPF, ΔV still has
a small value. If the size of the metal is too small, it is difficult to
distinguish between noise and a small voltage difference. Thus,
the differential voltage of the MOD circuit should be amplified.
R1 , R2 , and op-amp incorporate a noninverting precision am-
plifier, and its output voltage Vo,M OD is determined as follows:

Vo,M OD =
√

2
(

1 +
R1

R1

)
ΔV. (7)

The output voltage Vo,M OD should be a dc value considering
system performance and cost. If the output voltage is an ac
signal, a high-performance ADC is needed to obtain the exact
signal, and it is very sensitive to noise. Diode D1 and the op-
amp play a role of a positive half-wave precision rectifier to
remove the forward voltage drop by the diode because Vo,M OD

is much smaller than the voltage drop of the diode, and the MOD
circuit cannot detect a small metal object without precision
rectification. The capacitor C0 makes the dc voltage equal to the
peak value of the ac signal. D2 is placed parallel to the output of
the op-amp to avoid negative saturation, resulting in a decrease
of the maximum slew rate of the op-amp. Thus, it enhances the
accuracy of the signal processing. Finally, the ADC reads the dc
voltage and information is sent to the high-frequency inverter
through wired or wireless communication. In the case of the
circuit for DoP, a half-wave precision rectifier, which has high
input impedance, is also adopted because the induced voltage
vd or vq is large enough and the DoP sensing circuit must be
separate from the MOD sensing circuit. The rest of the circuit
operating is omitted because the other parts are the same as the
sensing circuit for MOD, and the output voltage of the sensing
circuit for DoP Vo,M OD is determined as follows:

Vo,PoD =
√

2Vd. (8)

E. Dead Zone of MOD and Diagram of Operating Sequence

However, the voltage difference could still be zero even when
metal objects are situated on the power supply coil and they
cover the same area on both the D- and Q-coils, as shown in
Fig. 10(a). As a solution to this problem, additional coil sets,
which are exactly the same as the D and Q-coils, are diagonally
located to the previous coil sets to cover the dead zone problem
of the proposed coil sets, as shown in Fig. 10(b).
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Fig. 10. Proposed nonoverlapping coil sets. (a) Example of a dead zone.
(b) A method for dead zone avoidance.

Fig. 11. Operating diagram of nonoverlapping coil sets for MOD.

The operating diagram of the nonoverlapping coil sets for
MOD is explained by a flowchart in Fig. 11. For example, first,
check the parking area is checked for the presence of a vehicle.
If there is no vehicle on the power supply coil, then the power
supply coil is turned OFF. On the other hand, it starts to flow
some current into the power supply coil to check for metal ob-
jects. The voltage differences of the coil sets are then measured
and any nonzero values among the coil sets are detected. If a
voltage difference is higher than the threshold value, which can
be determined by trial and error, then the current supply to the
power supply coil is stopped and a notification message to the
driver to remove the objects on the power supply coil is sent.
On the other hand, if all the voltage differences are zero, the
charging state of a battery is checked with respect to whether

Fig. 12. Experimental setup of the proposed nonoverlapping coil sets with
the power supply coil. (a) Overall configuration. (b) Nonoverlapping coil sets.
(c) Sensing circuit for MOD and DoP.

it is 100%. If not, current is flowed into the power supply coil
to charge the vehicle. Finally, when the battery is fully charged,
the EV charging process is stopped.

III. EXPERIMENTAL VERIFICATIONS

In order to verify the feasibility of the proposed nonoverlap-
ping coil sets, an experimental setup has been fabricated on the
power supply coil, as shown in Fig. 12. The proposed MOD sys-
tem was integrated into the power supply coil. Here, the system
operating frequency is chosen as 85 kHz, which is in the stan-
dard range determined by the SAE J2954 drafted by the SAE
task force, where the nominal frequency range is from 81.38 to
90.00 kHz for a light-duty passenger EV. The resonance topol-
ogy adopts series–series compensation with phase shift control
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Fig. 13. Voltage difference including high-frequency noise. (a) Without and
(b) with the filter.

to regulate the current. To mimic the film coil structure, which
will be used for commercialization, a flexible PCB, which has
a very thin dielectric copper, with a thickness of 0.05 mm and
a width of 0.1 mm, has been selected to fabricate the nonover-
lapping coil sets, while an acetal cover with 7 mm thickness
has been placed between the nonoverlapping coil sets and the
power supply coil. The nonoverlapping coil system is located
at the center of the power supply coil because of its symmetric
configuration. In this paper, the size of the nonoverlapping coil
system was made to be a little smaller than that of the power
supply coil due to fabrication limit. On the other hand, the size
of a nonoverlapping coil set is related to the size of metallic
objects, for example, a small size of the coil sets if required
for the detection of a small metallic object. The sensing circuit
with an aluminum shielding plate was integrated into the bot-
tom of the ferrite core to reduce the effect of the leakage flux.
The other dimensions and circuit parameters of the fabricated
prototype are appropriately designed to correspond with the
simulation.

A. Experimental Verification for MOD

It is found that there will be a large amount of noise in the
induced voltages of the coil sets produced by high-frequency
ringing due to parasitic capacitances between the coil sets and
the power supply coil. As shown in Fig. 9(b), most high-order
harmonics will be applied to the power supply coil, which has
relatively high impedance, instead of a compensation capacitor
when square voltage is applied. The high-frequency noise passes
into the sensing circuit through the parasitic capacitive coupling
between the coil sets and the power supply coil. Therefore, it is
difficult to set the reference voltage difference as a zero value
without a filter. In order to reduce the noise, a simple low-pass
RC filter with a cut-off frequency of 81 kHz, which is slightly
lower than the operating frequency, is chosen to effectively re-
duce high-frequency components. The resistance Rd + Rq and
capacitance Cf have been selected as 10 kΩ and 0.2 nF by using
the cut-off frequency. Although the amplitude of the fundamen-
tal frequency is reduced by around –3 dB, the ratio of noise
reduction may be designed to be much larger.

As shown in Fig. 13, the high-frequency noise was signif-
icantly reduced by 10 mV by the LPF. Actually, the induced
voltage difference cannot be completely symmetrical, and there

Fig. 14. Measured voltage difference according to the number of coins.

are some factors responsible for this such as temperature drift,
external vibration, unintentional loop area of the oscilloscope
probe, and mismatch of the reactance of the nonoverlapping coil
sets. All of the aforementioned may lead to fluctuation in the
sensing circuit, which has a strong influence on metal detection.
In order to eliminate the fluctuation effect, data were continu-
ously collected for five voltage signals in the experiment and
the average value was calculated.

The results were collected by serial communication between
the MOD system and a laptop using MATLAB. Optical com-
munication is used for stable data transfer since data loss should
occur by the magnetic coupling noise to the communication
channel. In order to verify the proposed nonoverlapping coil
sets for MOD, the reference voltage is set to be less than 10 mV
by changing the variable resistor value of the sensing circuit
without any metal object. Two different coins, 10 and 100
Korean Won (KRW), which are, respectively, composed of iron
and copper, were used as metal objects. As shown in Fig. 14,
the experimental results show a good agreement with the sim-
ulation results for MOD because the voltage difference linearly
increases with respect to the number of coins on the power
supply coil. However, there is no substantial voltage difference
between the two different coins even though their areas are
different. This is because there is only a small area difference
between them, 4.5 cm2 for 100 KRW and 4.1 cm2 for 10 KRW.

Fig. 15 shows experimental results with vertical and hor-
izontal nonoverlapping coil sets for recognition and position
of multiple metal objects. The threshold voltage was arbitrar-
ily set as 50 mV for stable operation. The MOD system can
detect not only the presence but also the coordinates of an alu-
minum sheet with different positions, as shown in Fig. 15(a) and
(b). Specifically, a 3 × 2 cm2 aluminum sheet is placed on the
nonoverlapping coil sets with coordinates of 5 horizontal and 9
vertical, and 12 horizontal and 9 vertical, respectively. To ver-
ify detection of multiple metal objects, an additional aluminum
sheet, which is 2 × 2 cm2 in size, is used for the experiments,
as shown in Fig. 15(d). An additional red bar graph appeared
when a 2 × 2 cm2 aluminum sheet is additionally placed on the
nonoverlapping coil sets at coordinates of 2 horizontal and 8 ver-
tical. Although a voltage variation of the 2 × 2 cm2 aluminum
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Fig. 15. Measurement monitoring system depending on the positions of the metal objects. (a) With 2 × 3 cm2 aluminum sheet at 5 horizontal and 9 vertical.
(b) With 2 × 3 cm2 aluminum sheet at 12 horizontal and 9 vertical. (c) With 2 × 3 cm2 aluminum sheet at 13 horizontal and 10 vertical. (d) With (c) and 2 ×
2 cm2 aluminum sheet at 2 horizontal and 8 vertical.

sheet is eight times smaller than that of the larger aluminum
sheet, it can still detect the aluminum sheet.

B. Experimental Verification for DoP

To verify the feasibility of DoP, a ferrite core having a size
of 600 × 400 mm2 was used for the pick-up coil, as shown
in Fig. 16. Where the air gap is 10 cm, the dimension of the
nonoverlapping coil sets is the same as the simulation conditions
mentioned in the previous section. The data were collected by
LABVIEW since a vast amount of data must be stored and
postprocessed according to the position of the pick-up coil.

The data for all nonoverlapping coil sets were collected and
only the results for seven nonoverlapping coil sets are shown

in Fig. 17, due to the better understanding of readers and the
complexity of data expression. The ninth nonoverlapping coil
set is symmetrically centered with respect to the power supply
coil. Vo,DoP is normalized based on when the pick-up coil is far
from the power supply coil. The normalized Vo,DoP increased
roughly 1.6 times compared to without the ferrite core of the
pick-up coil.

This shows that as the pick-up coil approaches the power sup-
ply coil, the magnetic reluctance on the power supply coil near
the pick-up coil is reduced by the ferrite core of the pick-up coil,
resulting in an increase of Vo,DoP . The point where the maxi-
mum voltage occurs depends on the coil sets design; however,
if the expected results are obtained through the simulation, the
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Fig. 16. (a) Experimental setup of proposed nonoverlapping coil sets for DoP
and (b) the measurement monitoring system.

Fig. 17. Measured normalized Vo,D oP with respect to the position of the
pick-up coil.

position can be inferred. Although there is a slight discrepancy
between the simulation results and experimental results, the ten-
dencies of the normalized Vo,DoP of each nonoverlapping coil
set are well matched with the simulation results of Fig. 7.

IV. CONCLUSION

In this paper, novel dual-purpose nonoverlapping coil sets,
which detect a variation of magnetic flux on the power supply
coil, for both MOD and DoP have been newly introduced, and
it was verified that the proposed MOD and DoP methods do
not contribute to any power losses. With the induced voltage
difference of the nonoverlapping coil sets, the existence of metal
objects as well as their location can be found for MOD. When
metallic coins and aluminum sheets are located on the power
supply coil, the induced voltage difference of the coil sets, which
is ideally zero without metal objects, significantly increases to
62.8 and 450 mV, respectively, which is more than ten times the
value without metal objects throughout the experiments. At the
same time, the position of the pick-up coil can be identified for
DoP by the induced voltage variation of the coil sets when the
pick-up coil arrives on the power supply coil. It is demonstrated
in this work that both MOD and DoP can be achieved by the
proposed nonoverlapping coil sets without any power losses.
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