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ABSTRACT A symmetric sensing coil design is proposed and adapted for the self-inductance-based metal
object detection (MOD) of wireless electric vehicle (WEV) charging. Compared to conventional non-
symmetric sensing coils, the proposed sensing coil provides symmetric detection sensitivity and ease of
manufacturing, pertaining blind-zone-free characteristics. Moreover, it is found that the design of the
proposed symmetric sensing coil is very different from that of the symmetric sensing coil for conventional
induced voltage sensing (IVS) based MOD method due to different principles of MOD methods. Therefore,
an analysis based on a newly proposed equivalent circuit, is used to design a high sensitivity symmetric
sensing coils, considering many aspects such as metal object covering, metal object size, and mutual
inductance between sensing coils. Based on the analysis, an optimized sensing coil design created through a
finite element method simulation is proposed to achieve highest sensitivity with the lowest number of sensing
coils. It can be readily applied to a cost-effective MOD system that can be used for high-power WEV charging.
Experiments on a metal object 20 mm x 20 mm in size with a 20Ams Tx current verified high detection
sensitivity of 38% without any blind zones.

INDEX TERMS Foreign object detection, metal object detection, inductive power transfer, wireless electric

vehicle

. INTRODUCTION
Inductive power transfer (IPT) for wireless electric vehicle
(WEV) charging involves managing significant technical
issues, such as the power transfer capability, efficiency, and
tolerances [1]-[11]. Specifically, safety and reliability issues
such as electromagnetic field (EMF) cancellation [12]-[15]
and foreign object detection (FOD) [16]-[33] are crucial for
WEV commercialization. While EMF cancellation provides
safety for humans by reducing or shielding the EMF
generated by an IPT system, FOD is mainly related to the
safety and reliability of IPT systems themselves by detecting
objects which may harm the system.

For IPT systems, the most dangerous types of foreign
object are typically made of metal. If a metal object such as
a gum wrapper or a coin were to end up on the transmitting
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(Tx) pad of an IPT system when the system is charging, its
temperature can rise rapidly due to the induced eddy current
to the point that the metal object eventually ignites,
damaging the system or even injuring people. Because metal
objects pose such a serious threat to these systems, various
methods have been suggested in order to detect the existence
of metal objects on a Tx pad [16]-[33]. These methods are
collectively known as metal object detection (MOD), which
is one of the main branches of FOD methods.

Conventional MOD methods for WEV charging can be
categorized based on physical operating principle. The first
group of methods evaluates parameter changes of an IPT
system, such as the Q-factor, resonant frequency, and coil
voltage, to determine the existence of metal objects [16]-[20].
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Although these methods are easy to implement, detecting
small metal objects is difficult because the Tx coil is much
larger than typical metal objects and changes in system
parameters are minute for small metal objects. The second
type of method, applied to the Qi standard for FOD,
compares the expected receive power with the measured
receive power to detect metal objects [21]. However, these
methods can only be used when the air gap is quite small and
the magnetic coupling is strong, as dictated by the Qi
standard; hence, they are not suitable for WEV charging,
where the air gap is not small and can vary. The third method
is to use additional devices such as radar, thermal cameras,
and video cameras; but these systems are expensive, easily
contaminated, and difficult to integrate into IPT systems
[22]-[27].
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FIGURE 1. Conventional MOD methods of magnetic field change
sensing (MFCS).

While the three methods mentioned above are either
insensitive to small metal objects or too expensive, another
group of cost-effective methods using magnetic field change
sensing (MFCS), as shown in Figure 1, offers many
advantages favorable to WEV charging [28]-[33]. In general,
MFCS methods can be divided into two types.

The first is the induced voltage sensing (IVS) type, which
utilizes the induced voltage difference between two loop
coils due to metal objects for the magnetic field generated by
the Tx current, as shown in Figure 1(a) [28]-[32]. The
induced voltage difference Vg is roughly proportional to the
size of the metal object [29]. The IVS type provides an
inexpensive and simple solution for WEV charging given its
ability to detect small metal objects. However, this type is
also associated with the blind zone problem. When metal
objects are positioned between two coils, they cannot be
detected. Overcoming the blind zone problem is expensive
and requires complicated tasks [29]-[31]. In order to solve
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the blind-zone problem, a cost-effective and simple solution,
which utilizes a symmetric sensing coil to detect metal
objects, is proposed in [32]. By arranging the sensing coils
into several channels, each of which includes a pair of
symmetric sensing coils, the blind-zone between two
adjacent sensing coils can be eliminated effectively.
However, although the blind-zone problem can be solved by
modifying the sensing coils, the IVS type still has a big
disadvantage since it cannot work when the IPT system is
turned off, as the magnetic field does not exist.

The second type consists of self-inductance-based
resonant circuit (SIRC) methods. These approaches utilize
parallel resonant circuits that amplify the self-inductance
change, as shown in Figure 1(b) [33]. They can resolve the
two aforementioned problems of the IVS type. SIRC
methods have no blind zone due to the two overlapped
sensing coils and are self-activated by the current source
instead of the Tx current, thus enabling independent
operation from the powering of the IPT system. Moreover,
because the distance between Rx pad and sensing coils and
much farther than the distance between the metal objects and
the sensing coils, the effect of Rx pad misalignment on the
self-inductance change of the sensing coils is negligible.

Despite the superiority of the SIRC type over the IVS type,
the sensing coil design of an earlier SIRC type [33] has a few
drawbacks, which prevent its practical application. In the
SIRC design, in order to cancel out the induced voltage
caused by an unequal Tx magnetic field, the numbers of turns
in two sensing coils in one channel differ from one another,
as shown in Figure 1(b). As a result, the sensitivity of two
sensing coils of one channel is not the same, which means
that the sensitivity of one sensing coil can be low. This allows
the existence of blind-zone where the sensitivity is too low
to detect the metal object. Moreover, manufacturing and
designing the sensing coils becomes difficult and
complicated when the configuration of the Tx coil is
irregular and not uniform, thus necessitating a redesign of the
number of turns for every channel. Furthermore, in many
cases, because the magnetic flux through one sensing coil
can be very large compared to the other sensing coil,
changing the number of turns of sensing coils is ineffective
in reducing induced voltage.

In this paper, in order to resolve all of the aforementioned
problems associated with SIRC methods, the idea of
symmetric sensing coil, which was firstly proposed in [32],
is adapted to the SIRC type. With the symmetric sensing coil
design, every sensing coil has an identical number of turns;
hence, induced voltage becomes zero automatically,
manufacture and design the sensing coil become much easier,
the adjustment of the number of turns is unnecessary, and
most importantly, the detection sensitivity over the entire Tx
pad can become symmetric, which reduces the risk of blind-
zone existence. Although it stems from the symmetric
sensing coil idea in [32], the design of the symmetric sensing
coil proposed in this paper is very different from the sensing
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coil design for IVS type due to the fact that the principle of
IVS and SIRC methods are different. Therefore, an
equivalent circuit of the proposed sensing coil considering
the metal object covering is newly proposed and analyzed in
order to clarify the difference of the two designs. Moreover,
by analyzing the effect of the mutual inductance between
sensing coils and the influence of metal object size on the
sensitivity, an optimization of the proposed symmetric
sensing coil is also proposed. The analysis and optimization
are verified by the FEM simulations and power experiments
with 3.3 kW IPT system for WEV charging at the Tx current
0f 20 Arms.

Il. CONCEPT OF THE PROPOSED SYMMETRIC
SENSING COIL

The concept of the proposed sensing coil design is shown in
Figure 2.
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FIGURE 2. Conceptual design of the proposed symmetric sensing
coil. Channels are differentiated by the different colors. Each channel
includes two sensing coils, which have same number of turns and
which are shown in the same color.

The proposed sensing coils are composed of many
channels. Each channel includes two sensing coils connected
in series with opposite polarities to cancel out the induced
voltage generated by the Tx coil current. This is the main
advantage of the multiple series coil design compared to
single coil design as the induced voltage can saturate the
output voltage of the op-amp of the sensing circuit. However,
instead of installing two sensing coils of one channel very
close to each other, as in Figure 1(b), the two sensing coils in
the proposed design are set up symmetrically about the y-
axis of the Tx pad, as shown in Figure 2. This is done because
the z direction component of the magnetic flux generated by
the Tx coil current is symmetrical about y-axis of the Tx pad,
as verified by the finite element method (FEM) simulation
shown in Figure 3(a). As indicated in the figure, the magnetic
flux density in the z direction is distributed symmetrically
about the y-axis. Therefore, the voltages induced on the two
sensing coils of each channel will be identical and can cancel
each other out if the two sensing coils are connected in an
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opposite polarity configuration. For illustration, an FEM
simulation model with 24 channels consisting of 48 sensing
coils was built by ANSYS Maxwell 15.2, as shown in Figure
3(b). The induced voltages of the two sensing coils in the
single channel are identical, as shown in Figure 3(c).
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FIGURE 3. FEM simulation showing the symmetrical distribution about
the y-axis of the z-direction magnetic flux density generated by the Tx
coil current.

The obvious advantages of this design are the simplicity
of the sensing coil design and the easy manufacturing
process. Instead of adjusting the number of turns of every
channel to nullify the induced voltage, the induced voltage is
automatically nullified in the new design as long as the
numbers of turns of sensing coils are identical.

lll. MODELING THE PROPOSED SYMMETRIC SENSING
COIL

In order to understand how the impedance of sensing coil is
changed by a metal object, and the difference between a
symmetric sensing coil in SIRC type and IVS type, a model
of sensing coils considering the effect of metal objects
should be built. An equivalent circuit has been proposed in
[33], but it oversimplifies the model when it considers a
channel as a single inductor. Therefore, it fails to clarify the
interaction between two sensing coils and the interaction of
metal object with each sensing coil. In this section, an
equivalent circuit of two sensing coils of one channel is
thoroughly built considering all possible cases of position of
metal object on the sensing coils: when metal object is on
only one sensing coil of a channel, and when a metal object
is on both sensing coils of one channel.
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A. EQUIVALENT CIRCUIT WHEN METAL OBJECT IS ON
ONE SENSING COIL OF A CHANNEL

In most cases, a metal object is small compared to a sensing
coil, and two sensing coils of one channel is usually far from
each other. Therefore, the case that a metal object is on only
one sensing coil of a channel becomes the most popular case
as a metal object is on the Tx pad. Considering a channel k&
with two sensing coils ka and kb as shown in Figure 4, a
metal object is either on coil ka or on coil kb as shown in
Figures 4(a) and 4(b), respectively.

Eddy Eddy
current ,, current i,
Metal object Metal object.
Coil Coil Coil Coil
VBN AN L ka kDN
t l k )i { ik I
o o o (L

(a) when the metal object is on
sensing coil ka

(b) when the metal object is on
sensing coil kb

FIGURE 4. Two cases of when a metal object is on only one sensing
coil of channel k.

The equivalent circuit of the channel considering the metal
object can be built as shown in Figure 5.
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FIGURE 5. Equivalent circuit model of one channel k in case of metal
object is on only one sensing coil.

In Figure 5, two sensing coils, coil ¢ and coil b, of channel
k are represented by two series inductors, L, and Ly, and
two internal resistors, ri, and ri; the metal object is modelled
as an inductor, L,, in series with an internal resistor, 7,,. The
mutual inductances between the metal object and the two
sensing coils are My, and My, respectively. When the metal
object is on coil a, My, becomes zero; when the metal object
is on coil b, My, becomes zero. The mutual inductance
between coil a and coil b is M. When there is no metal
object, both Mam and Mem are null; hence, the equivalent
impedance of the channel is given as

Zogwo =Tt jo(Ly, + Ly +2M ) =1+ joL, (1)
where the subscript “wo” denotes “without a metal object”
and ¢ and Ly are the total resistance and total inductance of
4

the two sensing coils of the channel. These are defined as
follows:

Ve =V T (2a)
L=L,+L,+2M, (2b)

When a metal object is present, amplitude voltage Vi of
channel k£ and amplitude voltage ¥, on the metal object in
Figure 4 can be derived as follows:

Vk :(rk+ja)Lk)Ik_jw(Mam +Mbm)]m (33-)
V,=—joL,I, +joM,, +M, )] =rl, (3b)

From (3), the equivalent impedance of the channel when a
metal object is present can be derived as

|4 o*(M,,, +M, )
Zoy o =—%=r + joL, + am_____bm
I A T ) O 7, + joL,

4)

where the subscript “me” denotes “metal object.” From (4),
Zeqme Can be rewritten as

Zeq,me Iﬂl"k +ja)a[‘k (5)

where o and f are respectively the inductance variation ratio
and the resistance variation ratio, as follows:

L y *(M,,,+M,, )

—]—Zm
LT el (©
2 2

v @ (Mg, +M,
Pl @

The impedance change from (1) to (5), 4Z,, is defined as
follows:

(7

From (1), (5), and (7), the impedance change level, y, of one
channel can be defined as

as

O =—m-r (€))
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In most cases, since the metal object has high electrical
conductivity, the resistance r, is small. Even if the metal
object is as large as the Tx pad itself, 7, is still small
compared to 7. On the other hand, the resistance rx of a
sensing coil can be much higher compared to 7, due to high
number of turns and small sensing wire width. Therefore, in
general, 7, is much smaller than 7, making £ close to unity
and y in (8) can be rewritten as:

1-a?
—1- - 1=%
Vg 4%

However, in rare case that the metal object has high 7,
comparable to ry, the impedance change y given in (8) should
be rewritten as below:

It can be seen from (10b) that, as r,, increases, f increases,
which leads to the reduction of y or the reduction of
sensitivity. However, the effect of high r,, can be nullified by
high sensing coil quality factor Q. If Ok is made high enough,
the impedance changes in both (10a) and (10b) can be
approximated respectively as (11a) and (11b):

~l-a 0, >1 (11a)

(11b)
ﬂz_az ~0
1+0;

In practice, even with a high Oy, y can be as low as only a
few percent, making it difficult to differentiate it from noise.
Accordingly, a parallel resonant circuit with an inverting
amplifier is used, as shown in Figure 6, in order to enhance
the detection sensitivity. In Figure 6, the sinusoidal input
voltage, viv, has a frequency w;, of around 1 MHz. The
selection of w;, is the qualitative trade-off between high
sensitivity and low-noise sensing. In order to achieve high
sensitivity of the sensing coil, Ok should be high, and hence,
win should be high. However, as w;, increase, the skin depth
of sensing coil reduces, which increases the internal
resistance of the coils. In addition, as the sensing pattern is
mounted on the Tx pad, the coupling noise from the Tx coil
can appear on the sensing circuit. This noise stems from the
odd harmonics of the switching frequency of the IPT system,
which is set as 85 kHz in this paper, as recommended in [34].
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To reduce the effect of these harmonics, the frequency wi,
should be selected higher than 85 kHz, and in between two
consecutive odd harmonics of 85 kHz. The frequency wi,
therefore, is selected as 1 MHz, which is high enough for
high quality factor, and it is also in between 11" and 13%
order harmonics of 85 kHz for noise reduction. The switches
S1, 82 ... Sy are turned on consecutively such that only one
channel is activated at one time. The series capacitors Ci, C»,
..., C, with a sufficiently large capacitance is connected in
series with the switch to block the dc component on the
output voltage [33].

Channel n

N
e

.
Channel 2
R e B

Channel 1
Jaled |
i)

T

Vo
Vin ( E)
1 MHz 1

FIGURE 6. Parallel resonant circuit with an inverting op-amp amplifier
to amplify the impedance change of the sensing coils due to the
existence of a metal object.

When there is no metal object, the capacitor C, resonates
with L; at w;s. Thus, given that the impact of the blocking
capacitor C; and internal resistance 7 are negligible, the gain
of the circuit, G, can be derived as

VO wo R
o=lpme gt B

where V.o s the output voltage of the op-amp when a metal
object is not present. When a metal object is present, due to
the change of L, the gain is decreased, as follow:

G= I/O’me z—iRp X 1
Vi R; (I-a)?  (13)
in in 222
\/1+a;mchp -

The detection sensitivity, Sz, can be defined as follow:

V; wo _Vo me
Sae="p— (14)

o,wo

From (12), (13), and (14), Ss. can be derived as follow:
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! |

S, == (15)
. Jr ol CR(1-a) /o \
From (11) and (15), S¢. can be defined as follow:
Sde = 1_ 1 2
I+ @2 C2RE T~ (16)
T (A=)

As (16) indicates, with a proper selection of the resistor R,
Sae can be much higher than y as an example shown in Figure
7. In this example, w;, = 1 MHz, C, = 844 pF, L;=30 xH and
R, =47 kQ, Ri, = 2.4 kQ. At a high O, the calculation and
simulation results are nearly identical and Sy is much higher
than y in the small y region (the shadowed area). However,
as (O decreases due to an increase in 7k, Sz becomes
increasingly lower as the slope becomes progressively more
gradual. Therefore, the amplifying function of the parallel
resonant circuit is valid only when Qy is high. This proves
that a high QO is an important design parameter not only for
a high impedance-change level but also for high detection
sensitivity.
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FIGURE 7. The enhancement of detection sensitivity S¢e compared to
y owing to the resonant amplifier circuit with various quality factors
Qx of the sensing coil.

As (17) indicates, Sz of a channel varies with the location of
the metal object. Therefore, for convenience, the detection
sensitivity when a metal object is positioned at the center of
a sensing coil as shown in Figure 4 is defined as the detection
sensitivity of that sensing coil. In the SIRC-type
conventional design [33], the Sq values of sensing coil a and
sensing coil b of channel & are not identical. As shown in
Figure 4 (a), when the metal object is positioned at the center
of coil ka, there is no magnetic coupling between the metal
object and coil b; hence, M;,, in (6a) becomes zero. The ratio
o becomes a,, as follow:

*M?,
2 2712
r,+o°L,

)

From (11) and (17), the impedance change level becomes y,,
as in

o’ M2,

=y, ~l-q, =2 Pan_
Pt e L,

(18)

Similarly, when the metal object is on coil kb, as shown in
Figure 4(b), M, in (6b) becomes zero. Thus, the impedance
change level becomes 5, as in

. ©’Mp,
P = (19

Equations (18) and (19) show that if M,, and My, are
different, the impedance change level and hence the
detection sensitivity of sensing coil a and sensing coil b will
also differ. In the conventional design, due to different
number of turns, M., and M, become different. Accordingly,
the detection sensitivity levels of two sensing coils in
channel k are not symmetric. This asymmetry is a major
problem because the sensitivity of one sensing coil can be
too low to overcome the noise from the IPT system.

On the other hand, in the case of the symmetric coil design,
because the numbers of turns of every sensing coil in every
channel are identical, M, and M,,, are identical. Therefore,
the symmetry of Sz in one channel is guaranteed.
Furthermore, the inductances L; of each channel are also
similar, which results in similar sensitivity in every channel.

B. EQUIVALENT CIRCUIT WHEN METAL OBJECT IS ON
BOTH SENSING COILS

In previous section, we have discussed the case when a metal
object is on only one of the two sensing coils of one channel.
This is the most often happen case during MOD operation.
However, we cannot ignore the case when a metal object is

on both two sensing coils of one channel as shown in Figure
8.

|||
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FIGURE 8. The case when the metal object is on both sensing coils of
channel k.

When the metal object is on both sensing coils ka and kb
of the channel &, many eddy currents iy, i, i3, and so on are
generated inside the metal object by the magnetic flux of
coils ka and kb as shown in Figure 8. Regarding the eddy
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current 7;, the eddy currents i1, and ii, are caused by the
magnetic flux of coils ka and kb, respectively. Due to
opposite direction of magnetic flux density B, and By, i1, and
i1p are also of opposite direction. Therefore, if the metal
object is placed exactly at the center of the two sensing coils,
the magnetic flux generated by ii, and 71, will be cancelled
out; hence, there is no impedance change on channel &
caused by 1. In another word, if a metal object is placed at
the center of two sensing coils of one channel, there is no
eddy current effect caused by i;. The equivalent circuit of the
channel with respect to i; can be illustrated as in Figure 9(a).
As indicated in Figure 9(a), as i1, is equal to 7y, the total
current i; becomes zero. Therefore, it is as if that there is no
eddy current 7.
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Trb
(a) with respect to eddy current i1

ik T'ka MZam

i2a
A L]

M JoL 3
}Mab 2(lb< ma ma
— b
M2bm °

ijmb "amb

T'rp
(b) with respect to eddy current iz

FIGURE 9. The equivalent circuit of channel k with respect to each
eddy current.

However, as shown in Figure 8, there is another eddy
current, i, flowing inside the metal object. The eddy current
i, caused by coil ka is independent from the eddy current i,
caused by coil kb. Accordingly, they can be treated as two
separated loops represented by two separated inductor-
resistor series as shown in Figure 9(b). The mutual
inductance between them, M,., represents the magnetic
coupling between two eddy current loops i, and i». The
effect caused by these two eddy currents can cause
impedance change on the channel £, thus, enabling MOD
system detect the metal object. Furthermore, there are
another eddy currents i3, i4, and so on, but these currents are
small in value because they are far from sensing coils.
Therefore, they are negligible.

As shown in Figure 9(b), the equivalent circuit of the
channel £ with respect to i» can be considered as an
equivalent circuit with two separated metal objects, which
carry the currents i>, and i. In order to verify this analysis,
an FEM simulation model is built as shown in Figure 10 with
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two cases. The first case is when only one single metal object
is placed at the center of the two sensing coils. The second
case is the two-separated-metal-object model where two
metal objects are put at the center of each sensing coil. The
distance, d, between two sensing coils are varied in order to
check whether the impedance change level are different at
each case. The simulation results of the impedance change
level in both cases are shown in Figure 11.

Coil a Coil b Coil g Coil b
N K N
Metal Metal
Metal object 1

object

(a) case 1: when one metal object
covers both sensing coils

(b) case 2: when two metal objects
cover each sensing coil

FIGURE 10. Two cases of when the metal object is on both two
sensing coils of channel k.
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FIGURE 11. FEM simulation results in two cases of Figure 10.

From the simulation results shown in Figure 11, we can
derive two following important comments:

1) Even though the metal object is placed at the center of the
channel, the impedance change level is quite high, at
around 7.5%, which means the metal object can be
completely detected. Therefore, this is not a blind-zone,
as opposed to the symmetric sensing coil in IVS type. In
the IVS type, if a metal object is placed at the exact center
of the channel, it cannot be detected due to same induced
voltage caused by the eddy currents in both sensing coils.
Therefore, a modification at the center channels of IVS is
needed [32]. This is a big difference between the
symmetric sensing coil of SIRC type compared to its
counterpart of IVS type.

2) The implication that two separated metal object model is
equivalent to one single metal object model, which is
implied by the analysis, is verified by the fact that the
impedance change level of both case are almost identical.
Therefore, it can be said that the eddy current i, is the
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main contribution to the impedance change of the
channel.
In this analysis by the equivalent circuit considering two
cases of metal object position, it is verified that the
symmetric-sensitivity can be achieved with the symmetric
sensing coil of the SIRC type, and that the center of a channel
is not a blind-zone.

C. INFLUENCE OF MUTUAL INDUCTANCE BETWEEN
SENSING COILS AND METAL OBJECT SIZE ON
SENSITIVITY

As shown in Figure 5, there is a mutual coupling between
coil ka and kb of channel k, represented by the mutual
inductance M,,. However, as the distance between two
sensing coils increases, M, reduces significantly as shown
in the FEM simulation result of the coupling coefficient
between two sensing coils of the channels from channel 1 to
channel 5 in Figure 12.

0.12 5
0.10 3
0.08 \
0.06 \
0.04 \
0.02 \

0.00

Coupling coefficient

1 2 3 4 5
Channel

FIGURE 12. Simulation result of the coupling coefficient between two
sensing coils of channels from channel 1 to channel 5.

As indicated in Figure 12, except channel 1, from channel
2 to higher numbered channel, the coupling coefficient is
close to zero due to large distance between two sensing coils
of one channel. Therefore, the mutual inductance M,
between two sensing coils can be negligible, except in
channel 1. Without M, Li in (2b) reduces to L, which is
defined as

L, =L, + 1L, (20)

Accordingly, the impedance of the sensing coil without metal
object, Zeywo in (1) should be rewritten as follow:

Z =rn+joL, (1)

eq,wo

The equivalent impedance of the sensing coil with the
presence of the metal object, Z. e, can be obtained as in

Zegme =PB'1 +joa'L, (22)

where a” and f’ are given as follows:

Lix o*(M,, +Mbm)2

a'=1- 23
L, r2+w*l? (232)
2 2
r, oM, +M, )
=14+ b 23b
P r 2+’ (235)

The impedance change level in (11), therefore, can be
approximated as in

L @’ M,,+M )2
yrl-a'=""x bm
L, ra+o’ L, (24)

O >1

It can be seen from (11) and (24) that without the mutual
inductance M, the impedance change level seems to
increase due to reduced L;. However, when the M, increases,
which means the two sensing coils are close to each other as
in case of channel 1, the M, and M, can be both non-zero
since a metal object can affect both sensing coils. This can
increase the impedance change level as dictated in (24). On
the other hand, in case M, is negligible, the two sensing coils
are far from each other; hence, the impedance change level
will become either (18) or (19). Therefore, the impedance
change level of the channel 1 may become bigger than the
other channel.

Regarding the mutual inductance between two adjacent
channel, as indicated in Figure 6, by controlling the switches
S1, S2, ..., Su, only one channel is activated at one time.
Therefore, during the time one channel is activated, all the
other channels are disconnected from the sensing circuit by
the switches. Accordingly, since there is no current flowing
through any channel except the activated channel, the mutual
coupling effect between channels is eliminated. In other
words, the sensing coils are operated by a time-division
controller so that only one channel is activated at one time.
Thus, the effect of the mutual coupling between adjacent
channels exists is eliminated. Moreover, such design of the
sensing circuit also minimize the influence of the sensing
coils on the efficiency of the IPT system. The power loss
inflicted by the sensing coil is attributed to only one activated
channel because all the other deactivated channels are open
circuit. Therefore, the power loss caused by the sensing coil
becomes small.

According to (11), the impedance change level y of the
proposed sensing coil is proportional to the mutual
inductances M, and M,,. These mutual inductances, in turns,
are proportional to the area of the sensing coil covered by the
metal object. Therefore, in general, as the size of the metal
object increases, the area of sensing coil covered by the metal
object increases, which ultimately leads to the increase of y
due to the increase of M., and M,,,. However, the increase of
y due to the increase of metal object size is directional. Figure
13(a) shows a metal object with the length /,, and the width
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wn covers a sensing coil. An FEM simulation is conducted
with different /,, and w, as shown in Figure 13(b). The
simulation results show that the increase rate of y with
respect to /,, is higher than that with respect to w,,. In detail,
when [, is kept constant at 20 mm, as w,, exceeds the width
of the coil w7 at 13.5 mm, y increases very slowly. This is
because the area covered by the metal object does not change
when w,, exceeds 13.5 mm. In contrast, when w,, is kept
constant at 20 mm, as long as /,, is smaller than the length of
the coil /. the area cover by metal object increases
proportionally to the increase of /,,, leading to the increase of

».

W, [mm]

0 5 10 15 20 25 30 35 40
14 T T T T T T

121 —=—Various w,, at 7,, = 20mm |
—o— Various /,, at w,, = 20mm

Lcoit

Impedance change y [%]

o 15 20 25 30 35 40
Ly [mm]

(a) Simulation model

(b) Simulation results

FIGURE 13. FEM simulation with wcoir = 13.5 mm, lcon = 150 mm, and
number of turns is 12, to verify the influence of metal object size on
sensitivity.

IV. DESIGN OF THE PROPOSED SYMMETRIC SENSING
COILS

In the paper, the target minimum size of a metal object is
20mm % 20mm. Thus, the sensing coil should be designed so
that it can detect such a metal object everywhere on the
surface of the Tx pad. Therefore, to guarantee that Sy is high
enough to overcome the high-frequency noise from the IPT
system with such a small metal object, the impedance change
level of a sensing coil should exceed a predefined threshold
of 2.5% while the number of channels should be minimized
to reduce the complexity of the sensing circuit. These are two
criteria of this optimization problem.

Figure 14 shows two channels £ and m, which are placed
next to each other. When the metal object is placed at the
center of sensing coils (point A; or 4»), y becomes highest
due to the highest value of Mu, or Mp,. When the metal
object is positioned between two channels (point B), y
becomes lowest. The target of the design is to set the
impedance change level at point 4, called y4, higher than 5%,
and the impedance change level at point B, called yg, higher
than the threshold of 2.5%. These thresholds are defined
based on knowledge of the amplitude of noise in an IPT
system for WEV charging.
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FIGURE 14. Change in the detection sensitivity S depending on the
position of a metal object. When the metal object is at the center of

the sensing coils (A1 or A2), S becomes highest. When the metal object
is between two adjacent sensing coils (point B), S becomes lowest.

d

e

~

FIGURE 15. Dimensions of sensing coils that must be optimized for
maximum detection sensitivity at every position of a metal object.

All of the dimensions of sensing coils that needed to be
designed are shown in Figure 15. In the figure, the distance
between two adjacent sensing coils, d, is determined to be 1
mm in order to maximize yz. The width of the sensing wire,
we, 1s determined to be 0.25 mm considering the trade-off
between the low coil resistance 7 and the low eddy current
caused by the magnetic field from the Tx coil. The pitch p
should be wide enough to mitigate the proximity effect
between the turns but also narrow enough to enhance the
coupling between the metal object and the sensing coil. Thus,
p is set to 0.5 mm. The remaining dimensions are the length
of the sensing coil /, the inner width of the sensing coil w,
and the number of turns N.

Increasing / and w will reduce the coupling coefficient
between the metal object and the sensing coils, but this can
also reduce the number of channels. On the other hand,
increasing N may increase y4, whereas this can reduce 7s.
Therefore, to design the sensing coils is to optimize N, w, and
/ considering the balance between a high impedance change
level when the metal object is at any location and with a low
number of channels. To optimize the design of the sensing
coil based on variations of N, w, and /, an FEM simulation
model of a sensing coil and a 20 mm x 20 mm metal object
were built in ANSYS Maxwell 15.2, as shown in Figure 16.
The impedance change level of the sensing coil is tested at
the two metal object locations: at the center of the coil, as
shown in Figure 16(a), and between two adjacent coils, as

9

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



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2020.2995210, IEEE Access

IEEE Access

Van X. Thai et al: Equivalent Circuit Based Design of Symmetric Sensing Coil for Self Inductance based Metal Object Detection

shown in Figure 16(b).

Sensing Sensing
coil of coil of
channel & channel m

(a) Metal object is at the center of (b) Metal object is between two
the coil adjacent coils

FIGURE 16. FEM simulation model of a sensing coil and metal object
in ANSYS Maxwell 15.2. The number of turns of the sensing coil N, the
length of the sensing coil /, and the inner width of the sensing coil w
will be varied to determine to the optimal design based on the criterion
of the highest value of y at two locations of the metal object.
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FIGURE 17. Impedance change level ya with various values w and N
with the metal object at the center position of the coil.
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FIGURE 18. Impedance change level ys with various values of w and
N with the metal object between two adjacent sensing coils.

The simulation results are shown in Figures 17 and 18. In
Figure 17, the metal object is positioned at the center of the
sensing coil. It is shown that with each length of the sensing
coil from 100 mm to 300 mm, there are optimal points at
which the sensitivity is maximized. In Figure 17(c), when /
is 300 mm, the maximum y,4 is lower than 2.5%, much lower
than the target of 5%, invalidating it as a solution for the
design. When / equals 100 mm and 150 mm, as indicated
correspondingly in Figures 17(a) and (b), when N and w
increases, y4 decreases. When / = 100 mm, the sensitivity is
well above 5% until N reaches 24 turns. However, when [ =
150 mm, N should be limited between four and twelve turns,
while w should be limited between 2 mm and 4 mm in order
to guarantee that y4 equals 5%.

Figure 18 shows the simulation results of the impedance
change level ys when the metal object is between two
adjacent sensing coils. Similar to the simulation results
shown in Figure 3.20, when the number of turns and the inner
width increase, yp decreases. Therefore, N and w should be
limited to guarantee that yz has a minimum rate of 2.5%. On
the other hand, N and w should be as large as possible to
minimize the number of channels.

In order to consider the number of channels, n, as one of
the criteria to optimize the coil design, a figure of merit (FoM)
equation has been built as below:
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FOM :M (25)
n

where 7 is the number of channel, which is inversely
proportional to the FoM, while y4 and yz are given the same
weighing coefficient and proportional to the FoM. The
results of FoM in cases of | = 100 mm and 1 = 150 mm are
shown in Figures 19(a) and 19(b), respectively.
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FIGURE 19. Normalized figure of merit (FoM) plot for two cases.

As indicated in Figure 19(a), when / = 100 mm, the FoM is
highest at N = 14 turns and w = 4 mm. With / = 150 mm,
according to Figure 19(b), N = 12 turns and w = 2 mm is
where the FoM reaches the highest value. Therefore, the
optimized design coil can be either /= 100 mm, N = 14 turns,
and w=2 mm, or /=150 mm, N = 12 turns, and w = 2 mm,
corresponding to 112 and 96 channels, respectively. In this
dissertation, the latter design is selected.

V. EXPERIMENTAL VERIFICATION

In order to verify the performance of the proposed
symmetric sensing coil design, an IPT system for WEV
charging together with an MOD system were built. The IPT
system is shown in Figure 20.

In this research, the Tx pad is designed loosely based on
the R-GA-2 specification, and the Rx pad is designed loosely
based on R-VA-WPT2/Z3 specification recommended in the
standard SAE J2954 proposed in May, 2016 [34]. To prove
the feasibility of the proposed MOD system, the power level
used to test the FOD system is 3.3 kW, which is compatible
with WPT1 power class with the Tx current of 20 Agps.

VOLUME XX, 2020

However, based on the analysis, the proposed MOD system
theoretically can work with any power level, even with
WPT3 class, when the power is 10 kW and the Tx current is
50 A. However, the problem with higher power is that the
coupling noise from the Tx coil to the sensing pattern can
degrade the performance of the MOD system. This problem
can be solved by a proper design of an electrostatic shield
between Tx pad and sensing pattern. To minimize the loss
caused by eddy current in the shield, the electrostatic shield
can be designed as many comb-pattern copper metal strips
instead of a large metal sheet. The design of the electrostatic
shield, however, is out of scope of this paper.

ik
L

% \

FIGURE 20. Prototype of the inductive power transfer system for
stationary WEV charging.

Output i« d; >

(a) Proposed symmetric sensing patterns. Each sensing pattern includes
48 channels and two rows, covering half of the Tx pad.

(b) Sensing circuit

FIGURE 21. Metal object detection system with the proposed
symmetric sensing coil and sensing circuit.
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On the other hand, the MOD system is composed of the
proposed sensing coils and a sensing circuit, as shown in
Figure 21. To fit the size of the Tx pad, two identical sensing
patterns are designed; each of them includes 48 channels and
covers half of the Tx pad, as shown in Figure 21(a). As
indicated in Figure 21(a), the sensing pattern 1 includes 48
channels, which are divided into two rows. The bottom row
includes channels from B1 to B24 where the letter “B” stands
for “bottom”; the top row includes channels from T1 to T24,
where letter “T” stands for “top”. All the channels are
connected to the sensing circuit through the outputs as shown
in Figures 21(a) and (b). The parameters of both the IPT
system and the MOD system are shown in Table 1.

TABLEI
PARAMETERS OF THE IPT AND MOD SYSTEMS
Parameter Value
Tx pad size 700mm x 600mm
Rx pad size 400mm x 400mm
Air gap between Tx and Rx pads 150 mm
Switching frequency of IPT system 85 kHz
Tx current (RMS) 20 A
Sensing coil size (/, w, N) 150 mm, 2 mm, 12 turns
Number of channels 48 x 2
Size of metal object (aluminum) 20 mm x 20 mm X 1 mm
Power level 3.3 kW
DC-DC efficiency without sensing
pattern 87.8%
DC-DC efficiency with sensing pattern 86.9 %

A. SYMMETRIC SENSITIVITY VERIFICATION

Due to the symmetry of the Tx pad and because the two
sensing patterns are identical, it is sufficient to assess the
near-uniform sensitivity in the sensing pattern 1.

Figures 22(a) and (b) show the measurement results of
channel self-inductances and quality factors of sensing
pattern 1. As explained in section III.C and Figure 12, due to
high mutual inductance between two sensing coils of channel
1, the equivalent inductance of channel 1 is higher than that
of channel 2, where the mutual inductance is close to zero,
as shown in Figure 22. It is shown that as the channel
position moves farther from the output, the inductance does
not change much due to identical number of turns in each
channel. The slightly gradual increase of the channel
inductance is probably caused by the increased distance
between the sensing coils to the output as shown in Figure
21(a). As indicated in the figure, as the channel goes further
to the edge of the Tx pad, the distance d; between the sensing
coils to the output increases. The sensing coils of channel 24,
therefore, is much farther from the output than those of
channel 2. Considering the size of the Tx pad, this can
contribute to a slight difference in inductance among
channels. This increase of dj also increases the equivalent
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series resistance (ESR) of channel, which reduces the quality
factor of channel as channel position moves towards the edge
of Tx pad. As the result, the detection sensitivity of channels
also reduces as the channel position moves farther from the
output as the experimental results shown in Figure 23. In this
experiment, a metal object 20 mm x 20 mm in size is placed
at the center of coil ¢ and coil b of every channel from T1 to
T24, as well as from B1 to B24. The corresponding detection
sensitivity of the coil at each position is measured and shown
in Figure 23. For example, when the metal object is placed
at coil a of bottom channel B8, the corresponding detection
sensitivity can be found at bottom row sensing coil 8a in
Figure 23.
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FIGURE 22. The inductances and quality factors of every channel in
sensing pattern 1.
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FIGURE 23. Symmetric detection sensitivity of two sensing coils a and

b of each channel: top row channels from T1 to T24 (triangle symbol),
and bottom row channels from B1 to B24 (circle symbol).
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As shown in Figure 23, the detection sensitivity of two
sensing coils of one channel is symmetric. For instance, the
detection sensitivity of sensing coils 8a and 8b of bottom
channel B8 are respectively 38.0% and 36.5%, which are
only 1.5% different from each other. Moreover, another big
advantage is that the sensitivity of all channels are close to
each other. At the top row, the sensitivity fluctuates between
27.5% and 36%, while at the bottom row, the sensitivity
fluctuates between 30% and 42%. This symmetry is the
result of same number of turns in every channel, which
makes the quality factor fluctuation in all channel is small as
shown in Figure 22. This proves the proper performance of
the proposed symmetrical sensing coil design.

B. BLIND-ZONE-FREE VERIFICATION

To test the blind-zone-free feature of the proposed sensing
coils design, an experiment was conducted with a 20 A Tx
current to test the sensitivity over the entire surface of the Tx
pad. In this experiment, a metal object 20 mm % 20 mm in
size is placed at many measurement points. The map of these
measurement points is shown in Figure 24(a).

X Measu{ement [mm] Mgtal
point object
300 /
Tx pad
x x xlwoo x x x x[B] x
« « « {Rxpad < xx
F100
T 7 T T T X
-400 |-300  -200- <100 .0 100 2do 300 | 400

x x x  [mm]

xxxxxxxxxxxxxxxx

(a) Metal object position diagram

Detection
sensitivity, Sg [%]

X Measurement
point

(b) Spectrum of the detection sensitivity corresponding to the position of
the metal object

FIGURE 24. Experimental results of the detection sensitivity with
different positions of the metal object on the Tx pad at 20 A Tx current.

When the metal object is placed at one point, the detection
sensitivity corresponding to that point is measured. After
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placing the metal object at every point in Figure 24(a), the
values of the detection sensitivity at every point are
presented as shown in Figure 24(b). It is noted that Figure 24
does not show the way to identify the location of the metal
object because the paper only focuses on detecting the
presence of metal object, which is the prime purpose of any
MOD system. The location of metal object, therefore, is out
of scope of the paper. As shown in Figure 24(b), the
distribution of Sq. is symmetric about the y-axis, as predicted
by the analysis. Moreover, when the metal object is
positioned between two rows of channels in one sensing
pattern or between two sensing patterns, the detection
sensitivity becomes low because at these positions, the
coupling between the metal object and the sensing coil
becomes lowest. Except these areas, which cover small area
of the Tx pad, the sensitivity of the rest area only fluctuates
between 26% and 40%. This small fluctuation cannot be
achieved by the conventional sensing coil design. Even with
these low detection sensitivity area, the Sz is 12.2% at
minimum and 39.3% at maximum, which are high enough
that the metal object can be detected everywhere on the Tx
pad, proving the blind-zone elimination feature of the
proposed sensing coils.

As indicated in Figure 24(b), it is noted that when the
metal object is placed at the center of the two sensing coils
of channel T1 or channel Bl, the detection sensitivity
becomes higher because both mutual inductances M., and
My, are different from zero. Therefore, both M., and Mp,
contribute to the impedance change as equations (11a) and
(11b) indicate.

VI. CONCLUSION

The concept and design of the proposed symmetric sensing
coil, which is adapted to SIRC-based MOD system, was
introduced and analyzed. Through the proposed equivalent
circuit based analysis, it was found that the symmetric
sensing coil design for SIRC method is different from that
for IVS type. Moreover, the analysis clarifies the influence
of sensing coil quality factor, metal object size, and
symmetric sensing coil concept on the detection sensitivity
of the SIRC method. Based on the analysis, a design
optimization for proposed sensing coils was made for highest
sensitivity and lowest number of channels and validated by
experiments with a 20 A;ms Tx current and a 20 mm x 20 mm
metal object. As such, the proposed symmetric sensing coil
promises to be an inexpensive and effective solution for
MOD systems for WEV chargers.
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