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Marker-Free Coil-Misalignment Detection Approach Using TMR
Sensor Array for Dynamic Wireless Charging of Electric Vehicles
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This paper presents an approach to detect the lateral coil misalignment for the dynamic wireless charging system using a tunneling
magnetoresistive (TMR) sensor array. The component of the magnetic field generated from the transmitting coil can directly provide
the information of the coil misalignment between transmitting and receiving coils. A sensor array composed of 15 uniaxial TMR
sensors was implemented to measure the vector magnetic field for detecting the coil misalignment. Both 3-D finite-element method
modeling and experimental results over a relatively large misalignment range were presented to substantiate the effectiveness and
feasibility of the proposed approach.

Index Terms— Coil misalignment, dynamic wireless charging (DWC), magnetic field measurement, tunneling magnetoresistive

(TMR) sensor.

I. INTRODUCTION

YNAMIC wireless charging (DWC) technology for elec-

tric vehicles (EVs) has obtained an increasing attention
recently [1], [2] because it enables on-road EVs to be pow-
ered wirelessly so that the EV driving range can be further
extended. However, one main problem of the DWC system
is that the receiving coils mounted on an EV should be
well aligned with the transmitting coil embedded under lane
in order to maximize the efficiency of energy transfer [3].
The output power and energy transmission efficiency drop
significantly when there exists a large misalignment between
the receiving and transmitting coils. Therefore, a cost-effective
and reliable coil-misalignment detection approach is highly
desired for the DWC system of EVs.

The existing vehicle-tracking techniques can be classi-
fied into two categories: marker-based approach and marker-
free approach. The marker-based approach typically uses
the radio-frequency identification (RFID) reader or mag-
netic sensor to detect the RFID tags or magnetic markers
over/under lane [4]-[6]. However, the dense configuration of
RFID or magnetic markers leads to high construction costs.
The marker-free approach can overcome this drawback. Cur-
rently, the marker-free approach is implemented with search
coils that are installed underneath a vehicle body to detect the
lateral misalignment; however, search coils suffer from their
complicated installation (due to an out-of-plane configuration)
and bulky size (due to a large turn number) [7], [8]. The
algorithm to determine the misalignment position by observing
the change in voltage phase of search coil is unreliable and
time consuming [7]. Furthermore, its actual applicability is
largely restricted by the nonlinear relationship between the
coil misalignment position and search-coil voltage.
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In this paper, a marker-free approach to detect the lateral
coil misalignment for the DWC system using a tunneling
magnetoresistive (TMR) sensor array is proposed. TMR sen-
sors are well qualified in the DWC operation due to their
multiple features such as higher sensitivity, lower power
consumption, excellent thermal stability, and large operating
field range [9], [10]. The compact-in-size TMR sensor array
in-plane with the receiving coil is employed to detect the
magnetic field generated by the transmitting coil and then
to determine the coil misalignment position, which makes
the installation of sensor array convenient. Most importantly,
the computation process is straightforward, and the lateral coil
misalignment position can be directly obtained by analyzing
the output amplitude of the TMR sensor array. Section II
describes the fundamental principle of coil-misalignment
detection. A 3-D finite-element method (FEM) simulation
is performed to validate the principle in Section III. The
experimental verification is provided in Section IV to further
verify the feasibility of the proposed approach. Section V
finally addresses a conclusion.

II. WORKING PRINCIPLE OF COIL-MISALIGNMENT
DETECTION

The magnetic field distribution on the plane of receiv-
ing coil directly provides the coil-misalignment information.
Fig. 1 shows the concept of the proposed coil-misalignment
detection approach for a DWC system, which mainly focuses
on the lateral misalignment detection. A magnetic sensor array
is employed to measure the y-axis component of magnetic
field on the plane of receiving coil and to determine the
misalignment position.

Magnetic resonant coupling (MRC)-based wireless power
transfer (WPT) technology has become more popular for
implementing a DWC system for the moving EVs [11]-[13].
Fig. 2(a) shows the circuit schematic of the MRC-based WPT
system adopting the series—series topology, which consists of
the transmitter unit and the receiver unit, where R; and R,
are the internal resistances of the transmitting and receiving
coils, respectively, R; is the load resistance, C; and C,
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Fig. 1. Concept of coil-misalignment detection in a DWC system.
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Fig. 2. (a) Circuit schematic of the MRC-based WPT system. (b) Diagram of
magnetic field distribution at position A on the plane of receiving coil.
There exists a lateral misalignment (Ad) between the receiving coil and the
transmission coil.

are the compensated capacitors connected in series with the
transmitting and receiving coils, respectively, and L; and L,
are the self-inductance of the transmitting and receiving coils,
respectively.

The transferred power and power transfer efficiency are
highly dependent on the mutual inductance M, that is defined
as the number of flux linking with the receiving coil due to the
current through the transmitting coil. A larger M, facilitates
more effective power transfer. My can be determined by the
double integral Neumann formula [14]

dl:dl, cose
My = ky/Lil, = 22 f 7{ crey e (1)
ar Ji Jr dir

where ki is the coupling coefficient indicating the degree of
coupling strength, dl; and dl, are the infinitesimal segments of
the transmitting and receiving coils, respectively, and dy; and &
are the distance and angle between two segments, respectively.
Hence, a large lateral coil misalignment leads to the significant
decrease of My, thus lower power transfer efficiency.

Fig. 2(b) shows a diagram of magnetic field distribution at
the sensing position A on the plane of receiving coil. The
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magnetic field generated from both transmitting and receiving
coils at position A can be expressed as

Bj = By + By + B3 + Ba. (2)
Hence, the y-axis direction component (By) of the magnetic
field at position A can be expressed as
_pl B2, B3, p4
By = B} + B} + B} + By, (3)

As position A is on the plane of receiving coil, the y-axis
component of the magnetic field generated from the receiving
coil is zero (i.e., B)3, = B;f = 0), where By can be written as

By = B} + B.. )

Assuming the transmitting coil cable as a straight wire, and
according to the Biot-Savart law, By at position A can be
approximately calculated by [8]

nuol nuol
By, = Ll sinf; — 072 sin 6,
2wry 2wy
_ npoly (sin0;  sint )
T 2% ri 1)

where n is the turn number of the transmitting coil, /; is the
current through the transmitting coil (/1 = L = I;), r; and
ro are the distances between position A and the transmitting
coils, and #; and 6, are the angles between the plane of
transmitting coil and the line connecting sensing position A
with transmitting coils.

From (5), the magnetic field distribution (By) highly
depends on the lateral position of receiving coils. There
exists a sensing position on the plane of receiving coil
where the magnitude of By is zero. The lateral misalignment
[Ad in Fig. 2(b)] of the receiving coil will lead to the lateral
shift of By distribution on the plane of receiving coil, and thus
the zero-field position. Therefore, it is possible to determine
the coil misalignment (Ad) by detecting the position where
By is zero.

By adopting the typical DWC parameters [15], the
width (w) of transmitting coil is set to 0.8 m, the horizontal
offset between the transmitting and receiving coils as 0.2 m,
and the current flowing through the transmitting coil as
100 Appys. The calculated magnitudes of By according to (5)
is in the order of hundreds of microtesla. The DWC system
uses 10-100 kHz operating frequency. Hence, it is feasible to
employ a TMR magnetic sensor array to measure the magnetic
field distribution due to its advantages of high sensitivity, good
linearity, compact size, and wide bandwidth. Therefore, the
lateral misalignment can be determined by locating the point
on a TMR sensor array where minimal (near zero) magnetic
field is measured.

III. SIMULATION VALIDATION

A 3-D FEM simulation of the magnetic field distribution
on the plane of receiving coil was performed to validate the
magnetic field calculation model. Fig. 3(a) and (b) shows the
dimensions of the transmitting and receiving coils, respec-
tively. The air gap between two coils is set as 60 mm
[see Fig. 3(c)]. In the prototype, the MRC-based WPT system
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Fig. 3.  Geometry of the MRC-based WPT system in both simulation and
experiments. (a) Transmitting coil. (b) Receiving coil. (c) 3D view of WPT
system with sensor array.
TABLE I
PARAMETERS OF MRC-BASED WPT SYSTEM IN FEM SIMULATION

Parameter Value

Transmitting coil inductance 252.62 pH
Transmitting coil internal resistance 0.368 Q
Transmitting coil number of turns 20
Transmitting coil compensation capacitor 0.251 pF
Receiving coil inductance 112.35 uH
Receiving coil internal resistance 0214 Q
Receiving coil number of turns 16
Receiving coil compensation capacitor 0.565 uF
Current through transmitting coil SA
Operating frequency 20 kHz
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Fig. 4. Simulated y-axis component (By) of magnetic field density on the
plane of receiving coil when there exists no coil misalignment.

adopts the series—series topology with the operating frequency
of 20 kHz. The corresponding key parameters are listed
in Table L.

FEM modeling under five different lateral coil misalignment
conditions was carried out using JMAG. Fig. 4 shows the
simulated y-axis component of magnetic field density (rms
value) on the plane of the receiving coil when there exists no
coil misalignment (i.e., Ad = 0 mm). The B, distribution is
symmetric along the y-axis direction. The magnitude of B,
reaches around 0.2 mT at x = O mm. It is apparent that B
at the middle position is nearly zero. This simulation result
agrees well with (5).

By regulating the lateral coil misalignment (Ad), By at
the x-axis center line of the receiving coil experiences a
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Fig. 5. Simulated y-axis components (By) versus sensing positions along
the y-axis direction at x = 0 mm under five misalignment conditions.
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Fig. 6. Experimental prototype of the coil-misalignment detection.

lateral shift, as shown in Fig. 5. When the receiving coil
is well aligned with the transmitting coil, the minimum
value of the flux density occurs at the y-axis middle posi-
tion (i.e., y = 0 mm). When the receiving coil is misaligned
30 and 60 mm toward the y-direction, the minimum values
occur at the y-axis sensing positions of 30 and 60 mm,
respectively; on the other hand, when the receiving coil is mis-
aligned 30 and 60 mm toward the y, direction, the minimum
values occur at the sensing positions of —30 and —60 mm,
respectively.

IV. EXPERIMENT AND DISCUSSION
A. Experimental Platform and Sensing Devices

As shown in Fig. 6, the experimental prototype was
established according to the simulation parameters as listed
in Table I and the geometry as illustrated in Fig. 3. Both
the transmitting and receiving coils were made of litz wire.
The power source was provided by a bipolar ac power supply
(KIKUSUI PBZ40-10). The currents in the transmitting and
receiving coils were measured using two wideband current
probes (Tektronix TCPA300).

A sensor array consisting of 15 uniaxial TMR sensors
uniformly distributed in an interval of 10 mm was mounted
on the plane of the receiving coil, as shown in Fig. 7(a).
TMR2001 sensor (multidimension) is employed in this paper
due to its high sensitivity (i.e., 80 mV/V/mT), compact size
(3 mmx 3 mmx 1.45 mm), and wide dynamic range (i.e., up to
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Fig. 7. (a) Design of the sensor array consisting of 15 TMR sensors. The
TMR sensors are labeled S1 to S15 along the y-axis direction. (b) Typical
characteristic output-field transfer curve of TMR2001 sensor at 2V voltage
supply.
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Fig. 8.
and sensor signal (S8) under five misalignment conditions [Chl: I; (2 A/div),
Ch2: I (1 A/div), and Ch3: Vgg (1 V/div)] (timebase: 20 us/div).

Measured waveforms of currents in transmitting and receiving coils

1 MHz) [16]. This sensor can operate in a linear magnetic field
range of 1.5 mT with a typical output-field transfer curve,
as shown in Fig. 7(b). The TMR sensor array was powered
by a constant voltage source (Keithley 2400). The outputs
from the TMR sensor array were multiplexed by a 15-channel
differential multiplexer and then amplified 50 times by a
differential voltage preamplifier (SRS SR560). The amplified
output signal was captured by an oscilloscope with a sampling
rate of 5 MS/s and finally stored in the computer.

B. Experimental Results

By regulating the later misalignment (Ad) of the receiv-
ing coil as shown in Fig. 8, the corresponding currents in
the transmitting and receiving coils and the output signal
from one TMR sensor (S8) at the center position of sensor
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Fig. 9. Measured y-axis component (By) of magnetic flux density

by the TMR sensor array under five different misalignment conditions.
(a) Ad = —60 mm. (b) Ad = —30 mm. (¢c) Ad =0 mm. (d) Ad =30 mm.
(e) Ad = 60 mm.

array were measured. It can be observed that the magnitude
of the current (/;) through the transmitting coil remained
almost constant under five different misalignment conditions,
whereas the magnitude of the current through the receiving
coil (1) gradually decreased as the coil misalignment distance
increased. In addition, the output (Vsg) of the sensor S8 expe-
riences changes corresponding to the coil misalignment and
it becomes almost zero when Ad = 0 mm, which can match
well with (5).

The y-axis component (By) of magnetic flux density under
five coil misalignment conditions was measured by the sensor
array (Fig. 9). The flux density distribution experienced a
lateral shift when there existed a coil misalignment. The
misalignment position could be determined by the minimal
value of the sensor output of the TMR sensor array. In Fig. 9,
the measured flux density reached around 0.22 mT. When
the receiving coil was well misaligned with the transmitting
coil [Fig. 9(c)], the minimum value of approximately 6.2 uT
was measured by the sensor S8 (at y; = 0 mm). When the
receiving coil was misaligned 30 and 60 mm toward the y-
direction, the minimum output values (i.e., ~7.0 and ~5.7 uT)
were measured by the sensor S11 and sensor S14, respectively.
Similarly, when the receiving coil is misaligned 30 and 60 mm
toward the y; direction, the minimum output values (i.e.,
~5.8 and ~7.6 uT) of sensor array occur at the position
of sensor S5 and sensor S2, respectively. Thus, the coil
misalignment (Ad) exhibited a linear relationship with the
location on the TMR sensor array where the sensor output
is minimal (i.e., nearly zero), as shown in Fig. 10. The sensor
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Fig. 10. Linear relationship between the sensor positions corresponding to
minimal sensor output and lateral coil misalignment.

array in this paper can provide high-resolution (i.e., 5 mm)
measurement results. Therefore, the experimental results agree
with the aforementioned theoretical analysis and the FEM
simulation results, which further validate the feasibility of
the proposed coil-misalignment detection approach. A sensor
array with more sensors and smaller interval can provide
even more accurate coil misalignment measurement results.
Moreover, the exact coil misalignment can be determined by
the curve fitting of measured field results in the future work.

V. CONCLUSION

In this paper, the operating principle of the lateral coil-
misalignment detection is introduced and analyzed. A TMR
sensor array is utilized to detect the lateral misalignment
between the receiving coils and transmitting coil that is highly
dependent on the vehicle movement. The 3-D FEM modeling
and experimental results using a prototype are presented
to validate the effectiveness and feasibility of the proposed
approach. This paper provides the theoretical and experimental
basis to implement the coil-misalignment detection approach
for the DWC system.
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