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The wirelessly transferred power as well as charging efficiency will significantly drop due to the large misalignment between the
transmitting coil and receiving coil for roadway electric vehicles (EVs). A low-cost and reliable misalignment-tolerant wireless charging
technique is indispensable for the rapid commercialization of wireless EV charging. This paper presents a technique to achieve the
misalignment-tolerant wireless charging for the dynamic wireless charging (DWC) system by means of a tunneling magnetoresistive
(TMR) sensor array as well as the easy-to-fabricate receiving coils. The TMR sensor array provides the coil-misalignment position
by measuring the magnetic field component generated from the transmitting coil. The corresponding receiving coils are selected
to be in resonance according to the measured coil-misalignment positions. In this paper, a sensor array composed of 29 uniaxial
TMR sensors was utilized to measure the magnetic field component. This effectiveness of the proposed technique has been validated
by both the finite-element method (FEM) simulations and laboratory experiments. The experimental results demonstrated that the
proposed misalignment-tolerant wireless charging system can operate in a relatively wide misalignment range of ±120 mm with
charging efficiency higher than 76.2%.

Index Terms— Coil-misalignment tolerant, dynamic wireless charging (DWC), magnetic field measurement, tunneling magnetore-
sistive (TMR) sensor array.

I. INTRODUCTION

THE inductive power transfer (IPT) technology using mag-
netic resonance for wireless electric vehicle (EV) charg-

ing has attracted considerable attention since it enables the
dynamic wireless charging (DWC) of a roadway EV [1]–[3].
However, the misalignment tolerance between the vehicle-
mounted receiving coil and ground-embedded transmitting coil
is still a challenging problem for the commercialization of
wireless EV charging [4]. The charging power and efficiency
will drop due to the lateral coil misalignment which easily
occurs in the practical driving situations.

Previous researches on the misalignment-tolerant wireless
power transfer (WPT) technique can be summarized into the
following. Specially made coils with structures of Double
and Quad D Quadrature [5]–[7] were proposed to maximum
the misalignment-tolerance, whereas this method highly relies
on the complex procedure of coil manufacture and requires
specially built power electronic circuits. The autonomous coil
alignment system (ACAS) achieves the misalignment adjust-
ment by detecting the misalignment and then adjusting the
coil positions [8]–[11]; however, it suffers from high cost and
complicated operation of coil adjustment system for EVs such
as by means of servo motors.

To overcome the constraints of the above-mentioned tech-
nique, a tunneling magnetoresistive (TMR) sensor-array-based
misalignment-tolerant wireless charging system for roadway
EVs is proposed in this paper, which makes use of the
easy-to-fabricate coil design and low-cost TMR sensor array.
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TMR sensors have been widely used in magnetic field mea-
surement applications such as in EVs due to their advantages
such as low cost, compact size, high sensitivity, wide operating
bandwidth, and low power consumption [12]–[14]. The TMR
sensor array is placed on the same plane of receiving coils
to detect the magnetic field generated from the transmitting
coil, which has been validated to detect the coil misalignment
accurately [15]. Different from the traditional receiving coil
design, this paper uses three overlapping receiving coils of
the same structure. The receiving coils are selected to be in
resonance according to the measured misalignment. Therefore,
the wireless charging system can provide relatively high
transferred power with high charging efficiency in a wide
misalignment range.

This paper is organized as follows. Section II presents
the operating principle of coil-misalignment determination
and the misalignment-tolerant wireless charging. The 3-D
finite-element method (FEM) simulations were performed to
verify the proposed technique in Section III. The experimental
preparation including experimental prototype implementation
and TMR sensor array pre-calibration is presented in Section
IV. Section V demonstrates the experimental results. Section
VI finally addresses the conclusion.

II. OPERATING PRINCIPLES

The operation of the traditional IPT technology resembles
a coupled transformer, represented as the equivalent circuit of
Fig. 1(a) and structure of Fig. 1(b). The power is wirelessly
transferred through the IPT mechanism when the transmit-
ting coil and receiving coil are in resonance. However, the
wireless transferred power will significantly drop when there
exists a large misalignment as the mutual inductance (Mtr) as
well as the coupling coefficient between the transmitting coil
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Fig. 1. (a) Schematic circuit of the traditional wireless charging system.
(b) Structure of the traditional wireless charging system. (b) Structure of the
proposed wireless charging system. (c) Top view of the receiver with sensor
array.

Fig. 2. Diagram of the magnetic field By distribution.

and receiving coil decrease. To overcome such a constraint,
a misalignment-tolerant wireless charging system is proposed
in this paper, as depicted in Fig. 1(c) and (d). Different
from the traditional receiver structure, the proposed receiver
is composed of three overlapping receiving coils and a TMR
sensor array at the same plane.

A. Coil-Misalignment Determination

The marker-free coil-misalignment determination is
achieved using a TMR sensor array. The TMR sensor array is
placed at the same plane of the receiving coils to detect the
y-axis component of the magnetic field (By). As depicted in
Fig. 2, By at the position A can be approximately calculated
according to the Biot–Savart law [8], [15]

By = nμ0 It

2π

(
sin θ1

r1
− sin θ2

r2

)
(1)

where It is the current through the transmitting coil, μ0 is the
vacuum permeability, n is the turn number of the transmitting
coil, r1 and r2 are the distances between the transmitting coil
and position A, and θ1 and θ2 are the angles between the plane
of the transmitting coil and the lines connecting position A
to transmitting coil. From (1), there exists a sensing position
where the magnitude of By is minimum at nearly 0. The lateral

Fig. 3. Operating schematic of the misalignment-tolerant wireless charging
system with the TMR sensor array.

Fig. 4. Flowchart showing the operating principle.

misalignment of the receiving coil will result in the lateral shift
of By distribution. Therefore, lateral coil misalignment along
the y-axis direction can be determined by detecting the sensing
position, where By is minimum at nearly 0.

B. Misalignment-Tolerant Wireless Charging

As the wirelessly transferred power depends on the position
of receiving coil of the traditional WPT technique, three over-
lapping receiving coils on the receiver side are employed to
absorb the transferred power individually and then to eliminate
the coil-misalignment effect. The receiving coils are selected
to be in resonance with the transmitting coil according to the
measured coil-misalignment position by the TMR sensor array,
as presented in Fig. 3.

Fig. 4 shows the flowchart of the operating principle. Here,
M denotes the maximum operating misalignment range. When
the coil misalignment (�d) is in the range of ±a, the receiving
coil R2 is connected to the compensation capacitor in order to
absorb the maximum power; whereas when �d is in the range
between −a and −M, the receiving coil R3 is connected to
the compensation capacitor. Similarly, the receiving coil R1 is
selected when �d is in the range between +a and +M. The
value of a depends on the size of the receiving coil, which
can be determined by the FEM simulation and experiments.
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TABLE I

PARAMETERS OF IPT-BASED WPT SYSTEM IN FEM SIMULATIONS

Fig. 5. Simulated y-axis components (By) versus �d.

Therefore, it is feasible to provide higher transferred power
using the proposed WPT technique by selecting the appropri-
ate receiving coils to be in resonance.

III. FEM SIMULATIONS

To analytically verify the proposed misalignment-tolerant
wireless charging system, 3-D FEM simulations were car-
ried out using the commercial simulation software JMAG
Designer 14. The main parameters of the WPT system are
listed in Table I. The IPT-based WPT adopting series-series
topology was used in the simulation, which operates in the
resonance frequency of 20 kHz. It is worth noting that the
proposed technique is applicable for the WPT with higher
resonance frequency (e.g., more than 100 kHz) as TMR sensor
can work in the wide bandwidth up to 1 MHz. In addition,
the WPT in simulations operates in the constant-current mode
with the current through the transmitting coil 8 Arms.

The simulated y-axis component (By) of magnetic flux
density under the misalignment (�d) in the range of ±120 mm
is presented in Fig. 5. There exists the minimum flux density

Fig. 6. Simulated y-axis components (By) with three receiving coils (i.e., R1,
R2, and R3) chosen in resonance individually when �d = −60 mm.

Fig. 7. Simulated transferred power (PL ).

at nearly 0 mT along the y-axis direction which agrees
with (1). The position where the minimum amplitude exists
will change corresponding to the lateral misalignment change.
Thus, it is feasible to detect the minimum amplitude of the
By distribution for determining �d .

The simulation result shows that the By distribution is
independent of the selection of receiving coils. Fig. 6 shows
the simulated flux densities By with three receiving coils
(i.e., R1, R2, and R3) selected in resonance with the trans-
mitting coil individually when the lateral coil misalignment
�d is −60 mm. The flux densities By in Fig. 6 have nearly
the same distribution, and they experience the same pattern
where the minimum magnitude exists in the sensing position
of 60 mm. The By distribution only depends on the lateral
misalignment (�d). Thus, the By distribution is feasible to
be used to determine the lateral misalignment under variable
selections of receiving coil.

The comparison between the simulated transferred
power (PL) using the proposed WPT technique and the
traditional one is presented in Fig. 7. By selecting the
receiving coils in resonance with the transmitting coil
according to the lateral misalignment (�d), the transferred
power can remain at a relatively high level. When �d is
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Fig. 8. Experimental prototype demonstrating the proposed WPT system.

Fig. 9. Photograph of the proposed receiving coils with TMR sensor array.

in the range of ±40 mm, the receiving coil R2 is selected
in resonance, whereas when �d is in the range between
−40 and −120 mm, the receiving coil R3 is selected
accordingly. Similarly, when �d is in the range between
40 and 120 mm, the receiving coil R1 is selected. The
proposed WPT technique can even provide the power of
approximately 60 W when there exists a large misalignment
of 120 mm, which accounts for 81.5% of the maximum power
(i.e., when �d = 0 mm). Therefore, the proposed technique
can achieve misalignment-tolerant wireless charging.

IV. EXPERIMENTS

A. Experimental Prototype

To experimentally validate the proposed WPT technique, a
WPT prototype was built in the laboratory, as shown in Fig. 8.
The transmitter and receiver in experiments were fabricated
according to the simulation parameters as listed in Table I. The
transmitter was powered by a constant current power source
(PBZ40-10, Kikusui). The amplitude and frequency of current
through the transmitting coil were kept constant at 8 Arms
and 20 kHz, respectively. The vertical distance between the
transmitter and receiver was 60 mm. The currents through the
transmitter and receiver in experiments were captured by two
wideband current probes (TCPA300, Tektronix)

The receiver was composed of three overlapping receiving
coils (i.e., R1, R2, and R3) of the same structure, and a TMR
sensor array was built in the laboratory, as shown in Fig. 9.
The TMR sensor array consisting of 29 uniaxial TMR sensors
uniformly distributed in an interval of 10 mm was placed on

Fig. 10. Pre-calibration configuration for the uniaxial TMR sensor.

Fig. 11. (a) Pre-calibration results of the sensor array composed of 29 TMR
sensors. (b) Sensitivity scale factors and bias voltage factors of TMR sensors.

the same place of the receiving coils. The height of the sensor
array was kept the same as that of the receiving coils so that
the sensor array only measured the y-axis component (By)
of the magnetic field generated from the transmitting coil.
The sensor array was powered by the constant voltage source
(PWS2326, Tektronix). The outputs of the TMR sensor array
were multiplexed by the differential multiplexers (ADG1606,
Analog Devices) and then amplified by the instrument ampli-
fier (AD620, Analog Devices). The amplified sensor output
signals were then continuously sampled by the analog-to-
digital converter (AD9226, Analog Devices) and a field-
programmable gate array (FPGA) in a sampling rate of 5 MS/s.
The minimum magnitude of sensor signals was analytically
detected by the FPGA, and the lateral misalignment (�d) was
then determined. The coil selection signals were finally given
by the FPGA according to the measured �d .
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Fig. 12. (a) Measured sensor array output signals. (b) Measured y-axis component (By , rms value) of magnetic flux density.

B. Sensor Array Pre-Calibration

To precisely measure the y-axis component (By) of the
magnetic field, each TMR sensor of the sensor array was
pre-calibrated using a Helmholtz coil, as shown in Fig. 10.
The pre-calibration process aimed to eliminate the slight
field-to-voltage characteristic variation of the TMR sensors in
experiments. The Helmholtz coil powered by a programmable
current source provided the pre-determined vector magnetic
field loop along the sensitive axis of the TMR sensor.

The TMR2001 sensor with unique Wheatstone bridge
configuration was used in experiments, which generally
work in a linear range of ±1.5 mT with typical sensitivity
of 80 mV/V/mT [16]. The pre-calibration results of
29 TMR2001 sensors are summarized in Fig. 11. It is
observed from Fig. 11(a) that the TMR sensors in sensor
array suffered from the slightly different field-to-voltage
characteristics even though they all experienced the good
linearity. The sensor output of each TMR sensor can be
expressed by a linear function as

Vout = Vc(St · B · Fs + Fb) (2)

where Vc is the constant supply voltage, St is the sensor target
sensitivity, B is the magnetic flux density to be measured,
Fs is the sensitivity scale factor, and Fb is the bias voltage
factor. All values of Fs and Fb shown in Fig. 11(b) were

stored in a lookup table, which can be accessed by the FPGA
to ensure the precise magnetic field measurement.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results are presented in this section to
demonstrate the effectiveness of the proposed technique. The
sensor array output signals as well as the y-axis compo-
nent (By) of magnetic flux density were measured as presented
in Fig. 12. It is observed from Fig. 12(a), sinusoidal voltage
waveforms with a frequency of 20 kHz were generated by
the TMR sensor array corresponding to the variable magnetic
field. The sampling time for each sensor is 0.2 ms which
equals four cycles of the variable magnetic field, as presented
in the inset of Fig. 12(a). Even there exist different offsets
among sensor outputs, by using the stored values of Fs and
Fb, the rms value of By at the sensing positions in the range
of ±140 mm can be precisely measured according to (2),
as shown in Fig. 12(b).

By regulating the lateral coil-misalignment positions (�d),
the y-axis components (By) of magnetic flux density and
current waveforms were measured under different misalign-
ment conditions, as shown in Fig. 13. It is obverted from
Fig. 13(a)–(e) that the By distribution varied corresponding to
�d . There exists a minimum amplitude at nearly 0 mT from
the By distribution measured by the TMR sensor array. Thus,
the value of �d can be determined by detecting the minimum
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Fig. 13. Measured By in rms value and measured current waveforms under different misalignment conditions.

amplitude. It is also found that the measured By distribution is
independent of the selection of the receiving coils in resonance
with the transmitting coil. The By distribution only depends
on the current through the transmitting coil (It ) and �d . As It

is kept constant in experiments, therefore, the lateral misalign-
ment can be accurately measured using the TMR sensor array.

It is also worthwhile to state that more accurate misalignment
determination can be obtained by using a sensor array with
more sensors and the smaller interval between sensors.

It is found from Fig. 13(f)–(j) that the proposed WPT
technique can ensure high transferred power by selecting the
appropriate receiving coil to be in resonance. When �d is
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Fig. 14. (a) Measured transferred power (PL ) versus �d. (b) Measured
power transfer efficiency (η) versus �d.

0 mm, the maximum current can be obtained by selecting
receiving coil R2, whereas the maximum current can be
obtained by selecting coil R1 when �d becomes 60 and
120 mm. Similarly, the maximum current can be obtained by
selecting coil R3 when �d changes into −60 and −120 mm.
Thus, the higher transferred power can be ensured by selecting
the appropriate receiving coil in resonance according to the
measured �d .

The WPT performances of the proposed technique and the
traditional were also compared in experiments. The experi-
mental results show that by selecting the appropriate receiving
coil to be in resonance, higher transferred power (PL) and
higher power transfer efficiency (η) can be obtained in the
misalignment range of ±120 mm, as shown in Fig. 14. The
proposed WPT technique can provide the transferred power
of 55.6 W and power transfer efficiency of 76.2% even
there exists a large misalignment of 120 mm, whereas the
traditional one only provided the transferred power of 3.94 W
and power transfer efficiency of 14.6%. Therefore, the pro-
posed TMR-sensor-array-based WPT technique can achieve
the misalignment-tolerant wireless charging in a relative wide
misalignment range.

VI. CONCLUSION

This paper proposed a new TMR-sensor-array-based WPT
technique to achieve the misalignment-tolerant wireless

charging. Higher transferred power as well as wireless
charging efficiency can be obtained using the cost-effective
TMR-sensor-array and easy-to-fabricate receiving coils. This
technique can provide sights to more flexible and easy-to-
operate misalignment-tolerant wireless charging solution for
the roadway EVs.
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