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Abstract— A cost-effective technology to monitor the charging
performance and detect the coil misalignment and foreign metal
objects is indispensable to the commercialization of wireless
power transfer on electric vehicle (EV) charging. This paper
presents a multi-purpose tunneling magnetoresistive (TMR) sen-
sor matrix, which can monitor the charging performance as well
as detect both the coil misalignment and metal objects for wireless
EV charging. The magnetic field distribution between coils is
measured by the TMR sensor matrix to provide the critical infor-
mation about charging performance, coil misalignment position,
and the existence of metal objects. The mutual inductance and
charging power are derived from the measured z-components
of the magnetic flux densities. Lateral misalignment position is
determined by the symmetry coefficients of the time-varying
magnetic field distribution in the range of £150 mm. Metal
objects are detected by the measured magnetic field offsets. In this
paper, both 3D finite-element-method modeling and experimental
results were presented to demonstrate the effectiveness of the
proposed approach. A 14 x 14 TMR sensor matrix with high
sensitivity of 80 mV/V/mT was designed and implemented to
measure the magnetic field distribution in order to demonstrate
the technology.

Index Terms— Tunneling magnetoresistive (TMR) sensors, sen-
sor matrix, wireless power transfer (WPT), electric vehicle (EV)
charging, coil misalignment detection, foreign metal object
detection.

I. INTRODUCTION

IRELESS power transfer (WPT) technology has been
Wapplied in a wide range of commercial products,
such as mobile phone devices, biomedical electronics and
industrial devices [1]. Inductive coupling WPT technology
can transfer power to electric vehicles (EVs) over a rela-
tively long distance at the kilowatts power level and thus it
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can eliminate the inconvenient wiring [2]-[4]. The vehicle-
mounted receiver initiates charging while the EV is parked
above the ground-embedded transmitter. However, the station-
ary wireless EV charging still suffers from the following issues
before their commercialization:

1) Monitoring the charging performance in a convenient
way;

2) Detecting the lateral misalignment between coils;

3) Detecting the foreign metal objects between the trans-
mitter and receiver.

Traditionally, the charging performance of the wireless
charging system is monitored by measuring both the mutual
inductance and transferred power [5]. The transferred power
can be measured from the receiver side while the mutual
inductance needs to be measured from both the transmitter
and receiver sides [6]. Thus, it is inconvenient to find out the
mutual inductance in an operating wireless charging system.

Both the transferred power and charging efficiency of wire-
less charging system are sensitive to the positions of the
transmitting and receiving coils. The coil misalignment leads
to the significant reduction of transferred power and charging
efficiency. Researchers have made progress on improving
the coil misalignment for wireless EV charging [7]-[11].
Wireless radio sensors were installed on the coils to measure
the distances and then detect the misalignment with rela-
tively high accuracy [7]. However, this misalignment detection
relies on the complex and time-consuming computation algo-
rithm. On the other hand, magnetic misalignment detection
by means of search coils or auxiliary coils has also been
introduced [8]—-[11], which uses the existing charging facility.
However, these sensing coils are limited by their relatively
bulky size and the difficulty of replacing faulty coils for
maintenance and repair.

Meanwhile, foreign objects of ferrous materials between
the transmitter and receiver need to be detected during the
charging operation to prevent heating or combustion of the
metallic object due to the eddy current losses. Several metal
object detection methods have been introduced by means
of measuring power losses [12], the quality factor of the
secondary coil [13] and the impedance of the transmitting
coil [14]. However, these methods are confined to only the
WPT applications where the coils positions are fixed. Another
metal object detection method measures the magnetic field

1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


https://orcid.org/0000-0003-0706-9775
https://orcid.org/0000-0002-3105-5448
https://orcid.org/0000-0001-8308-6169
https://orcid.org/0000-0002-5554-8386

1684

Power; 3.3 kW

Efficiency: %1%

Charging
controller

IEEE SENSORS JOURNAL, VOL. 19, NO. 5, MARCH 1, 2019

TMR sensor
Power cable

Fig. 1.

generated from the metallic magnetic objects by using the
nonoverlapping coil sets [15]. However, the implementation
and maintenance of the coils sets are too complicated in the
practical EV charging applications.

In this paper, a new multi-purpose approach to achieve the
charging performance monitoring, lateral coil-misalignment
detection and foreign metal object detection for wireless charg-
ing EVs using a tunneling magnetoresistive (TMR) sensor
matrix is proposed and tested. Comparing to the previous work
that focuses on the one-dimensional lateral coil-misalignment
detection using a TMR sensor array [16], in this work the mag-
netic field distribution between the ground-embedded trans-
mitting coils and vehicle-mounted receiving coils provides
multiple information of the wireless charging performance,
two-dimensional coil-misalignment position, and existence of
metal objects. The sensitive TMR sensor matrix mounted
below the receiving coil is capable of measuring both the
time-varying and constant magnetic field to achieve three pur-
poses: charging performance monitoring, two-dimensional lat-
eral misalignment detection and foreign metal object detection.
The advantages such as low cost, high sensitivity, low power
consumption and large measuring range make TMR sensors
well qualified in wireless charging EVs applications [17]-[19].
The compact-in-size TMR sensors can be mounted on the
printed circuit boards (PCBs), which make the installation and
maintenance of sensor matrix much easier than the nonover-
lapping coil sets.

This paper is organized as follows. Section II provides
the working principle of multi-purpose TMR sensor matrix
for monitoring charging performance and detecting coil mis-
alignment and foreign metal objects for stationary wireless
EV charging. A 3D finite-element-method (FEM) modeling
was carried out to validate the proposed approach which is
discussed in Section III. Section IV describes the experiments
that includes the implementation of the sensor matrix, exper-
imental setup, and the pre-calibration of the sensor matrix.
Section V presents the experimental results that demonstrate
the effectiveness of the proposed approach. Section VI finally
addresses the conclusion of this work.

II. WORKING PRINCIPLE

This section reveals the basic operating principle of the
multi-purpose TMR sensor matrix for the stationary wireless
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Conceptual diagram of the multi-purpose TMR sensor matrix for wireless charging of EVs.
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Fig. 2. Schematic view of the IPT-based WPT system.

EV charging. Fig. 1 depicts the conceptual diagram of the
TMR sensor matrix configuration for wireless EV charging.
The stationary charging controller that connects to the power
grid can provide AC power to the ground transmitting coils.
Energy is wirelessly transferred through the inductive power
transfer (IPT) mechanism when the ground transmitting coils
and vehicle receiving coils are in resonance. The resonance
frequency of the transmitting and receiving coils is the same
(i.e., typically 10~100 kHz) [20]. The transferred power is
then applied to charge the EV batteries using the AC/DC
rectifier and regulator. In this work, the TMR sensor matrix
is placed below the vehicle receiving coil to measure the
magnetic flux density distribution, which provides the criti-
cal information on charging performance, coil misalignment
positions and the existence of metal objects.

A. Charging Performance Monitoring

The mutual inductance and transferred power are the key
parameters determining the charging performance for wireless
EV charging. Fig. 2 shows the IPT-based WPT system that
adopts series-series topology, which comprises of the trans-
mitter unit and the receiver unit. The loop impedances of the
transmitter (Z;) and the receiver (Z,) can be calculated by:

1
+ joL 1
G, JLyg (1)

Zr:RL+Rr+

Z[:R[+

. + joL, (2
JjoC,

where R; and R, are the internal resistances of the transmitting

and receiving coils, respectively, Ry is the load resistance, L;

and L, are the inductances of the transmitting and receiving

coils, respectively, C; and C, are the compensation capacitors
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Fig. 3. 3-D geometry of coil configurations in WPT: (a) well-alignment and
(b) lateral misalignment.

of the transmitter and receiver unit, respectively, and o is the
resonance frequency.

The transferred power (Pr) and the real power transfer
efficiency (7) can be calculated by [21]:

W*M? Ry I, - I
Z, - Z¥
Re[Vy, - I*] o*M?2 - Ry

= = 4
"= Relvr - 171 Re[Zr - Zr - Z + 0> M}, - Z}] @

P; = Re[V], - Ir*] = 3)

where M,, is the mutual inductance, and I; and I, are the
currents through the transmitting and receiving coils, respec-
tively. Assuming that the constant current (/;) power supply
and fixed load (Ry) are used in wireless charging, both Pr
and # can be found out by the value of M;,.

According to the double integral Neumann formula [6] (see
Fig. 3(a)), M;; can be determined by

dl;dl
My = 50§ § et )
ar Ji Jr Dy

where dl; and dl, are the infinitesimal segments of the trans-
mitting and receiving coils, respectively, and D;, and ¢ are the
distance and angle between the two coil segments. However,
it’s impractical to dynamically determine M;, using Eq. (5) in
the wireless EV charging applications.
In general, M,, can be defined by
M, = No®y1 _ N2BA; ©)
I Iy

where @31 denotes the magnetic flux through one turn of the
receiving coils due to /;, B is the magnetic flux density, and A;
is the cross-sectional area of the receiving coils. By utilizing a
constant current source (I;) as the power supply, the magnetic
flux across the receiving coils originating from the transmitting
coils is directly employed to find out the value of M;,.. As the
magnetic flux density (B) is dominated by the z-component
(B;) due to the parallel configuration of transmitting and
receiving coils, the value of B can be approximated by the
value of B;. Thus, M;, can be computed by

Ny A
My ~ 222 ?{ B.ds )
N

t

An n x n TMR sensor matrix can be placed under the
receiving coils to measure the time-varying z-component of
magnetic field. A sensor matrix can provide the magnetic field
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distribution on the flux plane (see Fig. 3(a)). Thus, M;, is
almost proportional to the sum (Sp) of the measured B;:

non
MtrO(SB:ZZBi,j (8)
i

Here, B; ; denotes the measured z-component flux density by
the sensor at position (i, j) of the sensor matrix. So M, can
be determined using the measured value of Sp by the TMR
sensor matrix. In consequence, the transferred power (Pr) can
be found according to Eq. (3).

B. Coil-Misalignment Detection

Two types of misalignment including lateral and angu-
lar misalignment can exist in WPT [22]. Since angular
misalignment is less likely to occur in the practical EV
applications [15], [23], this paper only focus on the lateral mis-
alignment detection. The lateral coil misalignment is depicted
in Fig. 3(b). Let Ad be the lateral misalignment between the
centers of transmitting and receiving coils.

The time-varying magnetic flux through the transmitting
and receiving coils can provide the misalignment information
between two coils. The lateral coil misalignment leads to the
unbalanced magnetic flux distribution on the flux plane. When
the receiving coil is well aligned with the transmitting coil,
the magnetic flux density distribution across the flux plane
is well symmetric and the majority of magnetic flux is at
the center position of receiving coil. When there exists a
lateral misalignment, the magnetic flux distribution becomes
unsymmetrical and the majority of flux shifts according to the
misalignment orientations. Thus, it is feasible to use the flux
distribution across the receiving coil to detect the misalignment
position and orientation.

In this work, two symmetry coefficients (i.e., Cy and Cy)
are defined to calculate the flux density symmetry that relates
to the coil-misalignment distance and orientation:

2.2 (Buyi-i,j — Bij)
i

Cy = &)
Sg
2.2 (Bint1-j — Bij)
Ccy = —1 10
Y S5 (10)

where C, and C, denote the x-axis and y-axis asymmetry
coefficients, respectively. When both C, and C, are close to
zero, the transmitting and receiving coils are well aligned as
illustrated in Fig. 3(a). When C, and C, are larger than zero,
it denotes the coil misalignment along the x-axis and y-axis
(Fig. 3(b)), respectively. The misalignment position can also
be determined by the values of C, and C,.

C. Metal Objects Detection

Metal objects frequently exist between the transmitting and
receiving coils in the practical applications, and they absorb
the transferred energy due to the eddy currents and possibly
become the hazard to the drivers and vehicles. When the
metallic object is exposed to the time-varying AC magnetic
field (Bcoils) induced by the coils, eddy current is generated
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and an additional magnetic field (B,,) is induced around
the metallic object, as shown in Fig. 4(a). Thus, the original
magnetic fluxes are distorted by the existence of metallic
object. Here, the total magnetic field (B;,,) along the sensitive
axis of the TMR sensor can be expressed as:

Bror = Beoils + Bno (11)

Typically, By, is relatively weaker comparing to Byizs. The
high-sensitive TMR sensor matrix measures B, over the
whole flux plane, and thus the DC magnetic field offsets as
well as AC magnetic field distribution can be obtained. The
position of magnetic field offset on the flux plane corresponds
to the location of the metallic object. Thus, the metallic objects
over the transmitting coils can be distinguished and localized
by analyzing the voltage outputs of the whole sensor matrix,
as illustrated in Fig. 4(b).

III. FEM MODELING

3D FEM simulations of IPT-based WPT were carried out
using the commercial simulation software JMAG Designer.
The mutual inductance (M;,) and the magnetic flux den-
sity distribution on the flux plane between the transmitting
and receiving coils were analyzed to validate the proposed
multi-purpose approach. The [PT-based WPT with square coil
configurations adopting the series-series topology was used
in the WPT simulation. The operating frequency of the IPT-
based WPT was chosen as 20 kHz. The corresponding key
parameters of the IPT-based WPT system are listed in Table I.

By regulating the lateral coil misalignment (Ad) along the
x-axis direction, the simulated magnetic flux density distri-
butions under different lateral misalignments were obtained,

IEEE SENSORS JOURNAL, VOL. 19, NO. 5, MARCH 1, 2019

TABLE I
PARAMETERS OF IPT-BASED WPT SYSTEM IN FEM SIMULATIONS

Parameter Value
Transmitting coil inductance (L,) 63.26 uH
Transmitting coil internal resistance (R,) 0.1409 Q
Transmitting coil number of turns (V,) 15
Transmitting coil compensation capacitor (C;) 1.001 pF
Receiving coil inductance (L,) 63.20 nH
Receiving coil internal resistance (R,) 0.1399 Q
Receiving coil number of turns (IV>) 15
Receiving coil compensation capacitor (C,) 1.002 pF
Current through transmitting coil (/) 3~7A
Load resistance (R;) 1.0 Q (50 W)
Operating frequency (f;) 20 kHz

as illustrated in Fig. 5. It can be observed that the magnetic flux
distribution varies in response to the misalignment distance
and orientation.

The simulated coefficient Sp reaches its maximum value
when the lateral misalignment (Ad) is zero, as shown in Fig. 6.
Sp gradually decreases with the rise of Ad. When Ad reaches
150 mm, the simulated coefficient Sp becomes lower than
5 mT. The WPT models with vertical distances (D;,-) of 80 mm
and 100 mm show the similar pattern (Fig. 6). Fig. 7 shows
the relationship between the mutual inductance (M;,;) and the
coefficient Sp. It can be observed that M;, is proportional
to Sp. A second-order polynomial fit can be applied to well
express the relationship between M;, and Sp. Thus, it is
feasible to obtain M;, from the measured value of coefficient
Sp. Then the transferred power (Pr) can be found from the
value of M;, according to Eq. (3).

The simulated symmetry coefficient C, shows an expo-
nential relationship with the misalignment distance along the
x-axis direction, as illustrated in Fig. 8. The WPT models with
two vertical distances (i.e., 80 mm and 100 mm) experience the
similar pattern. It can be also observed that C, is independent
of the current source. An exponential fit can be applied to
express the relationship between the misalignment and the
symmetry coefficient (see Fig. 8). Similarly, the symmetry
coefficient C\ also shows the exponential relationship with
the misalignment distance along the y-axis direction. Thus, the
misalignment distance and orientation can be detected by the
measured symmetry coefficients.

The FEM simulations for the foreign metal object detection
were also carried out in this work. The simulation results
show that the metal object inserted in between the coils
induces an additional constant DC magnetic field, which
leads to the offset of the magnetic flux density distribution.
Fig. 9 (a) and Fig. 9(b) show the simulated magnetic flux
density distributions when a metallic object of round steel
sheet (with radius of 10 mm) exists at the positions of (0 mm,
0 mm) and (—30 mm, —30 mm), respectively. The vertical
distance between the metal object and receiving coil is 50 mm.
The metal object can be distinguished by the region of large
offsets. The region of magnetic field offsets depends on both
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the magnetic strength and size of the metal object. Thus, it is
feasible to detect the metal objects from the magnetic field
offset measured by a TMR sensor matrix.

IV. EXPERIMENTS
A. TMR Sensor Matrix and Experimental Platform

In order to validate the proposed approach, a sen-
sor matrix composed of 14 x 14 uniaxial TMR sensor
(TMR2001, MultiDimension Technology) was developed to

1687
(c) (d) (mT)

100, H-
In 14
50 “o.12

~ _ 0.1

g £
E 0 E 0.08
- 10,06
-50 .04
.02
B | — 0 50 o w50 0 S0 100
x (mm) x (mm)

Simulated magnetic field distributions under lateral misalignments: (a) Ad = 0 mm, (b) Ad = 50 mm, (c) Ad = 100 mm, and (d) Ad = 150 mm.

[ —*—D, =80 mm (3A)
&2 | --m--D_=80 mm (5A)
02k -+ -D =80 mm(7A)
L —A—D”: 100 mm (3A)
v D =100 mm (5A)
[ =% -D =100 mm (7A)

X

Exponential fit:
Ad = (-1)" (axexp(bxC) + ¢)

Simulated coefficient C
o
o

D =80 mm

-100 -50 0 50 100
Lateral misalignment Ad (mm)

1 " 1
-150 150

Fig. 8. Relationship between the simulated coefficient Cy and the misalign-
ment Ad along the x-axis direction.

@ - ()

T
100 0.1s 100 . o).15
50| b4 |
—_ 0.1 _ 0.1
g E
E E
= 1005 T 10.05
=501 I =50
g 0 £ 0
%0 -0 0 50 100 %0 -0 0 50 100
x (mm) x (mm)
Fig. 9. Simulated magnetic field distributions with metal object at two
positions: (a) x =0 mm, y =0 mm and (b) x = —30 mm, y = —30 mm.

measure the magnetic flux distribution below the receiving
coils. Fig. 10 shows the schematic diagram of the TMR-
sensor-matrix measurement scheme. The TMR sensors were
uniformly distributed as 14 x 14 sensor array on a PCB
to constitute a TMR sensor matrix. The distance between
the adjacent sensors is 15 mm. The sensors were mounted
vertically by a holder that was manufactured using 3D printing
technology in order to measure the z-component of magnetic
field. It is worth to note that the sensor matrix size and the
number of sensors are determined by the size of transmitter
and receiver and the requirement of spatial resolution for the
magnetic field measurement. Higher spatial resolution requires
more sensors which increase the cost and power consumption.
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In this work, the 14 x 14 sensor array provided magnetic field
measurement with sufficient accuracy.

The outputs of the TMR sensor matrix were multiplexed by
the 14-channel differential multiplexers (ADG1606, Analog
Devices) and then amplified 50 times by the instrument
amplifiers (AD620, Analog Devices). By continuously sam-
pling the amplified sensor signals with a sampling rate of
5 MHz, the magnetic flux distribution can be captured and
displayed dynamically through the LabVIEW interface.

The WPT prototype was established according to the sim-
ulation parameters in Table I. Both transmitting and receiving
coils were made of Litz wire to reduce the proximity effect
and skin effect. The TMR sensor matrix was placed below the
receiving coil (see Fig. 11). The center of the sensor matrix
remained well aligned with the receiving coil during exper-
iments. The vertical distance between the sensor matrix and
receiving coil was 20 mm. The experimental setup is shown in
Fig. 12. The TMR sensor matrix was powered by a constant
voltage source (PWS2326, Tektronix). The AC power source
was provided by a constant current power supply (PBZ40-10,
Kikusui). The control signals to the multiplexers were given
by a data acquicition (DAQ) device. Both the currents though
the transmitting and receiving coils were measured using two
wideband current probes (TCPA300, Tektronix).

B. Calibration of Sensor Matrix

In order to precisely measure the vector magnetic field
between the transmitting and receiving coils, the output-field
transfer curve of each sensor unit in the TMR sensor matrix
was pre-calibrated to eliminate the slight variation of each
TMR sensor [24]. During the pre-calibration process, each
sensor unit was placed in the center of a programmable
3-axis Helmbholtz coil (DXMC15-50, Dexing Magnet) that
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Fig. 12. Experimental setup demonstrating multi-purpose TMR sensor matrix
for WPT system.

Fig. 13.
coil.

Calibration of the TMR sensor using a programmable Helmholtz

generates a pre-determined vector magnetic field, as shown
in Fig. 13. A precise 3-channel DSP Gaussmeter (Model 460,
Lakeshore) with accuracy of £0.1% was used as the reference.
By providing a magnetic field loop, the output-field transfer
curve of each TMR sensor was characterized.

The TMR2001 sensors were employed in this work due
to their multiple advantages such as compact size (3 mm x
3 mm x 1.45 mm), high sensitivity (80 mV/V/mT), wide
dynamic range (up to 1 MHz), low cost and excellent thermal
stability [25]. Fig. 14 shows the typical output-field transfer
curve when the TMR2001 sensor was powered by a constant
voltage supply.

This sensor can operate in the linear magnetic field range
of 1.5 mT. The actual sensor output (V,,;) of each TMR
sensor can be expressed as:

Vour = VC(SZ -B-Fy + Ob) (12)

where V. is the constant supply voltage, S; is the sensor
target sensitivity (i.e., 80 mV/V/mT), B is the magnetic flux
density to be measured, Fy is the sensitivity scale factor, O
is the offset voltage. For each sensor of the sensor matrix,
the parameters of Fy and Op need to be determined during
the pre-calibration process. All parameters of F; and Op were
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stored in a look-up table to ensure precise and consistent
magnetic field measurements.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results are presented in this section to
validate the proposed approach. When power was wirelessly
transferred from the transmitter to the receiver, the magnetic
field distribution was measured by the TMR sensor matrix.
Fig. 15(a) shows the AC output signals of a sensor array (A7 in
Fig. 10) with 14 TMR sensors during the [PT-based WPT
operation when the transmitting and receiving coils were well
aligned. The TMR sensors generated the sinusoidal voltage
signals with frequency of 20 kHz that corresponds to the
time-varying magnetic field generated from the WPT oper-
ation. Thus, according to Eq. 12 and the obtained parameters
of Fs and Op, the magnetic flux densities in RMS value can
be precisely obtained as shown in Fig. 15(b).

A. Charging Performance Monitoring

By regulating the misalignment distance Ad along the
x-axis direction, the corresponding current waveforms through
the transmitting and receiving coils and the magnetic flux
density distributions were measured by the current probes and
TMR sensor matrix, respectively. Fig. 16 depicts the measured
current waveforms and magnetic flux density distributions of
the WPT model with vertical distance (d;-) of 80 mm. The
current (/;) through the transmitting coil remained constant
during the WPT operation, whereas the current through the
receiving coil (/) gradually reduced as the misalignment
distance increased, which resulted in the gradual decrease of
charging power. When the receiving coil was well aligned with
the transmitting coil (i.e., Ad = 0 mm), the magnetic flux
concentrated at the center of flux plane. When there existed
a misalignment, the concentration of magnetic flux shifted in
response to the misalignment.

The relationship between the mutual inductance (M)
and the coefficient Sp was investigated in experiments.
Fig. 17 shows the measured coefficient Sp of the WPT
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Fig. 15. (a) AC output signal of a TMR sensor array. (b) Measured magnetic

flux densities (RMS value) by the sensor array after pre-calibration process.

models with two vertical distances (i.e., 80 mm and 100 mm)
under lateral misalignments. The measured results of Sp well
matched with the simulation results in Fig. 6. Sp reached its
maximum value when the coils were well aligned, and then
gradually decreased as the misalignment increased. A second-
order polynomial fit can be applied to express the relationship
between M, and Sp(see Fig. 7). Thus, M;, can be obtained
by the measured Sp as shown in Fig. 18. The measured values
of M;, by the TMR sensor matrix well matched with the
measured M;, using the LCR meter (LCR-821, ISO-TECH).
Thus, it is feasible to measure the mutual inductance of two
parallel coupled coils in LPT-based WPT operations by the
measured coefficient Sp.

Consequently, the transferred power (Pr) can also be
obtained by the measured M;,. As the current source (I;),
resonance frequency (w) and load resistance (Ry) were kept
constant, there existed a second-order polynomial relationship
between P and M, according to Eq. (3). The charging power
can then be determined as shown in Fig. 19. The charging
power measured by the TMR sensor matrix agreed with those
measured by the current probe. The measuring errors using the
sensor matrix are less than 0.81 W. Thus, this method provides
a convenient alternative of charging power monitoring.

B. Coil-Misalignment Detection

The coil misalignment distance and orientation can be
detected by the measured symmetry coefficients. Fig. 19 shows
the measured coefficients C, of the WPT models with two
vertical distances (i.e., 80 mm and 100 mm) under lat-
eral misalignments along the x-axis direction. The measured
coefficient C, showed the similar pattern as the simulation
results (see Fig. 8). Using the exponential fitting model
in Fig. 8, the misalignment can be detected using the measured
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Fig. 16. Measured flux density distributions (RMS value) and current waveforms under different lateral coil misalignments.
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coefficient C,, as depicted in Fig. 21. The misalignment
distance measured by the TMR sensor matrix can match with
the actual values in the measurement range of £150 mm with
a measuring error of less than +3.7 mm. Similarly, the TMR

Fig. 19.
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Fig. 20. Measured coefficient Cy under lateral misalignments.

sensor matrix can detect the coil misalignment along both
x-axis and y-axis directions.

C. Foreign Metal Object Detection

The TMR sensor matrix is capable of detecting the for-
eign metal object by measuring the magnetic field offsets.
In experiments, a metal object (bolt) shown in Fig. 22 was
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Fig. 23.  Measured DC field distributions with the metal object at two
positions (a) x =0 mm, y =0 mm and (b) x = —30 mm, y = —30 mm.

placed over the transmitting coil at the positions of (0 mm,
0 mm) and (—30 mm, —30 mm), respectively. The generated
magnetic fields by the metal object in two cases were mea-
sured by the TMR sensor matrix, as illustrated in Fig. 23,
respectively. There were large magnetic field offsets at the
positon corresponding to the location of metal object, which
matched with the simulation results in Fig. 9. The generated
magnetic field offset (B,,) measured by the TMR sensors
reached 0.08 mT. Hence, the metal object can be accurately
distinguished by the region of large field offsets (see red circle
in Fig. 23). It is worthy to note that the TMR sensor matrix can
distinguish more than one metal objects at different locations
simultaneously.

VI. CONCLUSION

In this work, a multi-purpose TMR sensor matrix approach
was proposed to monitor the charging performance of wireless
EV charging and detect both the existence of coil misalignment
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and foreign metal objects. This easy-to-installation and cost-
effective approach provides a convenient and reliable solution
to achieve multiple purposes based on magnetic-filed sensing
using a TMR sensor matrix. The overall cost of the TMR
sensor matrix is reducing rapidly due to the fast development
of TMR technology. Furthermore, the TMR sensor matrix
approach has the promising potential to be used in multiple
WPT topologies for both stationary and dynamic EV wireless
charging.

The future work will focus on the practical implementa-
tion issues of wireless EV charging with the TMR sensor
matrix technique. The estimation of power transfer efficiency
and 3D positioning of receiving coils will be studied. The
calculation of power transfer power efficiency under var-
ied working conditions such as variable-current transmit-
ter and variable-resistance battery load will be investigated.
The misalignment-tolerant wireless charging technique can be
developed with 3D positioning of receiving coils. In addition,
the power supply for the sensor matrix module and embedded
digital signal processing will also be designed and developed
for the practical EV charging applications.
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