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Abstract: This paper proposes an autonomous coil alignment system (ACAS) for electric vehicles
(EVs) with dynamic wireless charging (DWC) to mitigate the reduction in received power caused by
lateral misalignment between the source and load coils. The key component of the ACAS is a novel
sensor coil design, which can detect the load coil’s left or right position relative to the source coil by
observing the change in voltage phase. This allows the lateral misalignment to be estimated through
the wireless power transfer (WPT) system alone, which is a novel tracking method for vehicular
applications. Once misalignment is detected, the vehicle’s lateral position is self-adjusted by an
autonomous steering function. The feasibility of the overall operation of the ACAS was verified
through simulation and experiments. In addition, an analysis based on experimental results was
conducted, demonstrating that 26% more energy can be transferred during DWC with the ACAS,
just by keeping the vehicle’s load coil aligned with the source coil.

Keywords: electric vehicle (EV); dynamic wireless charging (DWC); wireless power transfer (WPT);
power degradation; coil misalignment; magnetic sensing

1. Introduction

With the realization of electric vehicles (EVs) to reduce greenhouse gases, significant research
and development directed towards improving EVs’ feaatures has been conducted during recent years.
However, one main disadvantage of EVs is their battery technology due to its high cost and limited
driving range. To overcome the mentioned issues and minimize dependency on battery systems,
many have looked into the utilization of infrastructure such as vehicle to grid (V2G) [1], or residential
distribution grid systems [2]. Dynamic wireless charging (DWC) for EVs is another promising method
of utilizing infrastructure to overcome battery issues in EVs. DWC is a wireless power transfer (WPT)
system that allows EVs to be charged wirelessly while in motion. With DWC, EVs are less dependent
on battery systems because they receive power from the road. As a result, EVs with DWC offer several
advantages over conventional EVs such as lower vehicle cost and reduced charging time due to their
smaller battery systems [3–5]. In light of the many benefits it can provide, extensive research on WPT
and DWC has been conducted at various institutions around the globe. Further benefits can be realized
when DWC is implemented as an EV charging lane on highways [6]. If a DWC lane is installed at
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strategic locations along the highway, the EV driving range can be extended, allowing owners to drive
longer distances without the anxiety of having to worry about EV range [7].

However, the one main disadvantage of this DWC scheme is the reduction in received power and
efficiency that occurs when there is a lateral misalignment of the vehicle’s load coil and the source
coil embedded under the road. The vehicle must be aligned within a certain range of the source coil
to achieve high power in the load coil [8], which also maximizes the driving distance of the vehicle.
Keeping the load coil of a vehicle aligned at all times with the source coil while in motion is very
difficult, even for an experienced driver. In addition, attempting to keep the vehicle aligned with the
source coil may distract the driver from oncoming traffic or obstacles and eventually lead to serious
traffic accidents.

To minimize the problem with transferring power to the load coil due to lateral misalignment
in WPT, many methods have been proposed to maximize lateral misalignment tolerance. Some
proposed methods include changing the geometry of the coil [9], placing multiple coils in an orthogonal
configuration [10] or an overlapping configuration [11], and even combining multiple coils of different
geometry into one unit [12]. Another popular method is the utilization of ferromagnetic materials,
where E-shape or U-shape ferrite cores [13,14] are utilized at the load/source coils. Other methods also
include active coil resonance frequency tuning circuits to maximize lateral tolerance [15,16]. All the
proposed methods described above are constructive, but their implementation in vehicular applications
can be very limited, due to the vehicle’s limited installation space, weight constraints, as well as the
dynamic driving environment. Even assuming that the proposed methods were implemented in
the vehicle, misalignment would still be unavoidable as long as a person is controlling the vehicle.
In addition, even a DWC-equipped EV with a high lateral misalignment tolerance (45 cm) will still
have regions on a highway lane without wireless power delivery, as shown in Figure 1. And within the
tolerance range, loss of power will still inevitably occur whenever the lateral misalignment increases.
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Figure 1. Power transfer coverage area on a 3.6 m width highway lane (based on FHWA standards [17])
for a WPT system with a 45 cm lateral misalignment tolerance. Equipped on a standard sized vehicle
with a 2 m track width.

A vehicle tracking and autonomous guidance system using magnetic sensing can also be applied
to reduce the DWC power transfer problem. The system concept is shown in Figure 2.
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The misalignment between the coils is detected using sensors and the vehicle’s position is then
adjusted by appropriate autonomous steering until the degraded power transfer in the DWC is restored
to an optimum level.

Many vehicle tracking methods have been previously proposed where one popular method is
using global positioning system (GPS) sensors and/or magnetic markers [18]. Other tracking methods
specific for DWC applications are also proposed in [19–21], where a radio-frequency identification
(RFID) tag and reader were implemented. However, one disadvantage of magnetic markers or RFID
tags is the rapid decay in the strength of the magnetic field with distance, as the detector moves
away from the marker/tag range. Therefore, the magnetic markers or RFID tags have to be placed
close to each other in order to achieve high tracking resolution, which increases overall construction
costs. To reduce construction costs, magnetic sensing hardware with a wider detection range has been
proposed as shown in [22] or using a Gaussian function-based algorithm to have higher detection
accuracy [23]. However, this leads to bulkier sensor hardware which is not desirable, especially when
vehicle space is very limited with the DWC system installed.

Another method of magnetic tracking is the autonomous coil alignment system (ACAS), which
has been proposed by the authors of this paper in [24]. ACAS is a novel method of tracking a vehicle’s
misalignment position by only measuring the voltage in the vehicle’s load coil. Since this method only
utilizes the existing DWC system, the use of external magnetic or RFID markers is eliminated, which
leads to a significant reduction in implementation costs for the magnetic tracking functions. One main
challenge of this approach is how to determine whether the load coil was misaligned to the left or
the right side relative to the center of the source coil. This is because the voltage readings are nearly
identical on both sides. The proposed two-sensor coil unit design in [24] detected the left/right side
position by calculating the difference in the voltage readings of the two sensor coils. Even though
the operational feasibility of the ACAS was verified, it was only compatible with a specific DWC
system, and its algorithm was very complex. If any significant changes were made to the DWC system,
the accuracy of position tracking could be affected.

The ACAS proposed in this paper is a significant improvement over the previous design described
in [24]. It is a single-sensor coil unit, and detects change in voltage phase to identify the left/right
side position rather than the voltage difference between two sensor coils. With the new ACAS
design, the complexity of the algorithm and hardware can be significantly reduced, providing a more
reliable system. This also allows wider application compatibility with other DWC systems with
varying specifications.

The paper is organized as follows: an analysis of power loss due to lateral misalignment,
as well as the reasons for proposing the ACAS system, are discussed in Section 2. In Section 3,
the main components of the ACAS are discussed and its concept feasibility is verified by simulation.
The operational feasibility of the ACAS is further verified by experiments in Section 4. Conclusions are
presented in Section 5.

2. Analysis of Power Loss Due to Lateral Misalignment in Dynamic Wireless Charging
(DWC) Systems

DWC can be viewed as a general WPT system circuit model, shown in Figure 3, which consists of
a source coil and a load coil section. The efficiency of the WPT system is defined by the ratio of the
power delivered from the source coil, PS, and the load coil, PL, as follows:

η =
PL
PS

(1)

From Equation (1), PS and PL can be defined as:

PS = I1VS =

(
RL +

1
jωCL

+ jωLL

jωM
I2

)
VS (2)
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PL = I2VL = I2
2 RL =

(
jωM

RL +
1

jωCL
+ jωLL

I1

)2

RL (3)

where RS, CS, LS represent the resistor, capacitor, or inductor components of the source coil,
respectively, and RL, CL, LL represent the resistor, capacitor, or inductor components of the load
coil, respectively. ω represents the frequency, and I1, I2 represent the currents flowing in the source
coil and load coil, respectively. M is the mutual inductance between the source coil and load coil,
which is expressed as follows:

M = k
√

LSLL (4)

where k is a coupling coefficient.
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The mutual inductance between the source coil and the load coil greatly affects the received power
at the load coil as well as the overall efficiency of the WPT system, as noted in previous works [10,25].
Therefore, it is important for any WPT system to maintain the highest mutual inductance to maximize
the received power and efficiency to the load coil. Based on the Neumann formula, the mutual
inductance shown in (4) can also be described as the number of flux linkages in the load coil resulting
from the current flowing from the source coil [10]:

M =
µ0

4π

∮ ∮ dlSdlL

|rSL|
(5)

where µ0, dlS and dlL represent the permeability of free-space, and the infinitesimal segments of the
source coil and load coil, respectively, while |rSL| represents the distance between the source coil and
the load coil segments, which can also be seen as misalignment. Assuming that a constant current is
applied, the only variable that will affect M is |rSL|. Therefore, from (1) to (5), it can be determined that
increased misalignment reduces M, thus reducing the magnitude of received power at the load coil
and the overall WPT efficiency.

Based on (5), there are several factors that will change the magnitude of |rSL|: vertical, lateral,
and angular misalignment. However, not all of these factors are likely to be observed in practice, for
the following reasons: because the load coil is fixed to the underbody of a vehicle, the misalignment
between the source coil and load coil is highly dependent on vehicle movement. When a vehicle is
operating on highways or on roads that are flat, it can be assumed that the vertical misalignment and
angular misalignment relative to the x and y axes will have small variations.

The two factors that remain are the lateral, and angular misalignment relative to the z axis.
Between these two factors, the dominant factor that will affect M is the lateral misalignment. To prove
this statement, a 3-D electromagnetic (3-D EM) simulation was conducted. A general rectangular
shaped load coil placed on top of the source coil lines was designed to replicate the DWC system
shown in Figure 4. Its electrical parameters are presented in Table 1 as well.



Energies 2017, 10, 315 5 of 20
Energies 2017, 10, 315 5 of 20 

 

 
Figure 4. 3-D EM simulation model of the source coil and load coil and their dimensional parameters 
(in cm). 

Table 1. Parameter setup for the 3-D EM simulation. 

Parameter Source Coil Load Coil Sensor Coil 
# of turns 8 50 10 

Inductance 116 μH 2.35 mH 732 nH 
Operating frequency 20 kHz 

Current through source coil 200 A 

The simulation was conducted to observe the changes in M, k and the load coil’s received power 
resulting from a lateral misalignment of −50 cm to 50 cm, and also an angular misalignment of 0, 10, 
and 20 degrees relative to the z axis. The simulation only considered an angular misalignment up to 
20 degrees, because an angular misalignment greater than the stated value can be considered an 
extreme steering angle for a vehicle moving at high speeds. 

The changes in M, and k from the lateral and angular misalignments are shown in Figure 5. There 
are slight variations with increased angular misalignment, but it can be seen that lateral misalignment 
is the dominant factor in reducing M. Therefore, the proposed ACAS was designed to minimize 
lateral misalignment to allow higher M so that higher power will be received at the load coil, 
increasing overall efficiency. 

 
Figure 5. 3-D EM simulation result showing the change in the mutual inductance and coupling 
coefficient due to lateral misalignment and angular misalignment. 

3. Concept of the Autonomous Coil Alignment System (ACAS) 

Figure 6 shows a general block diagram of the proposed ACAS. It is divided into three parts: the 
ACAS sensor coil unit, the lateral position detection unit, and the fuzzy steering controller. The lateral 
misalignment position is estimated by the sensor coil unit and further processed by the lateral 
misalignment detection unit. Based on the detected lateral misalignment, the fuzzy steering controller 
will send steering commands to the electronic power steering system (EPS), after which the vehicle 
is steered autonomously to correct the misalignment. EPS is already used in most EVs and is being 
equipped in most newly manufactured commercial vehicles as well. In case an obstacle is present 
which obstructs the path of maximum charging, the user must have the ability to interrupt the 
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(in cm).

Table 1. Parameter setup for the 3-D EM simulation.

Parameter Source Coil Load Coil Sensor Coil

# of turns 8 50 10
Inductance 116 µH 2.35 mH 732 nH

Operating frequency 20 kHz
Current through source coil 200 A

The simulation was conducted to observe the changes in M, k and the load coil’s received power
resulting from a lateral misalignment of −50 cm to 50 cm, and also an angular misalignment of 0, 10,
and 20 degrees relative to the z axis. The simulation only considered an angular misalignment up
to 20 degrees, because an angular misalignment greater than the stated value can be considered an
extreme steering angle for a vehicle moving at high speeds.

The changes in M, and k from the lateral and angular misalignments are shown in Figure 5. There
are slight variations with increased angular misalignment, but it can be seen that lateral misalignment
is the dominant factor in reducing M. Therefore, the proposed ACAS was designed to minimize lateral
misalignment to allow higher M so that higher power will be received at the load coil, increasing
overall efficiency.
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3. Concept of the Autonomous Coil Alignment System (ACAS)

Figure 6 shows a general block diagram of the proposed ACAS. It is divided into three parts:
the ACAS sensor coil unit, the lateral position detection unit, and the fuzzy steering controller.
The lateral misalignment position is estimated by the sensor coil unit and further processed by
the lateral misalignment detection unit. Based on the detected lateral misalignment, the fuzzy steering
controller will send steering commands to the electronic power steering system (EPS), after which the
vehicle is steered autonomously to correct the misalignment. EPS is already used in most EVs and
is being equipped in most newly manufactured commercial vehicles as well. In case an obstacle is



Energies 2017, 10, 315 6 of 20

present which obstructs the path of maximum charging, the user must have the ability to interrupt
the operation of the ACAS. Therefore, the ACAS is designed so that the user can enable or disable the
operation of the ACAS at any time, as shown in Figure 6.
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3.1. ACAS Sensor Coil Unit

In the ACAS, the range of lateral misalignment is estimated based on voltage readings alone.
Based on (3), the voltage on the load coil can be expressed as follows:

VL =
jωM

RL +
1

jωCL
+ jωLL

I1RL (6)

When a constant current source is being supplied to the source coil, the dominant parameter that
will change the load coil voltage is M. To prove this statement, a 3-D FEM simulation was conducted
again using the same model shown in Figure 4 and Table 1, to measure the induced voltage in the
load coil. The results are shown in Figure 7. It can be seen in the graphed trends that the peaks of the
mutual inductance and the induced voltage in the load coil are nearly identical; thus, it shows that the
lateral misalignment can be identified through the load coil voltage alone.
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As mentioned in the introduction, the main challenge is to determine whether the load coil is
misaligned to the left or the right side. To solve this problem, a sensor coil unit is proposed, which
is composed of a single coil unit wound around the middle of the leading section of the load coil,
as illustrated in Figure 8.

With this configuration, the load coil’s left/right position can be determined based on the source
coil’s reference. The sensor coil does not occupy much space, and the number of turns for the coil is
sufficient to induce a signal strong enough for the ACAS main controller to recognize, while small
enough to not disrupt the power transfer between the source coil and the load coil.
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Figure 9a shows how the load coil/sensor coil unit is implemented under the vehicle body when
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plane of the source coil as well.
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As shown in Figures 8 and 9, the sensor coil is placed in a specific location, where the loop of
the sensor coil is facing in the y-axis direction. Viewing the source coil in Figure 9, the magnetic field
generated on the source coil, BS, can be expressed in vector form as follows:

BS = B1 + B2 (7)
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where B1 and B2 are the right and left magnetic fields, respectively, as shown in Figure 9. When viewed
from the y-axis direction, from the direction the loop of the sensor coil is facing, BS can be expressed in
vector form as follows:

Bs
y = B1

y + B2
y = − µ0 I1

2πr1
sin θ1 +

µ0 I2

2πr2
sin θ2 (8)

In (8), I1, I2, θ1 and θ2 are the current flow and the angle needed to generate B1 and B2, respectively.
It should be noted that I1 and I2 have the same magnitudes but flow in opposite directions. µ0 is
the free-space permeability and r1, r2 are the reference point distances of B1 and B2, respectively.
In Figure 9a, the magnetic field sensed by the sensor coil is near zero because B1 and B2 cancel each
other out. As the sensor coil moves towards the left, as shown in Figure 9b, the sensor coil is relatively
more exposed to the B2 magnetic field, thus the magnitude of B2 will be more dominant than B1. The
opposite phenomenon will occur when the sensor coil moves towards the right, where the magnitude
of B1 will be more dominant than B2, as shown in Figure 9c.

The induced voltage in the sensor coil, Vse, can be expressed as follows:

Vse = −
dΦ
dt

= −dBS A
dt

(9)

where the equation is based on Faraday’s law. Φ, t and A represent the magnetic flux, time, and cross
sectional area of the sensor coil, respectively. When the load coil is misaligned to the left or right, the
phase angle difference between the sensor coil will always have a ±90 degree difference, respectively.
The phase difference will only change when the load coil is shifted from the right region to the left
region, or vice versa. Under these conditions, the difference in phase when the coil is misaligned to the
left (shown in Figure 9b) and right (shown in Figure 9c) will be around 180 degrees.

Verification of the ACAS Sensor Coil Unit through Simulation

3-D EM simulations were conducted to verify that the placement of the sensor coil does not have
much influence on the power transfer between the source coil and load coil, and also to verify the
concept shown in Figure 9. The sensor coil was added to the simulation model shown in Figure 4
to match the configuration shown in Figure 8. The sensor coil parameters were as listed in Table 1.
Figures 10 and 11 show comparisons of the induced voltage and magnetic flux density of the load coil
with the sensor coil, and the load coil without the sensor coil, respectively, when a lateral misalignment
occurs from −50 cm to 50 cm.
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Based on Figure 10, the two output waveforms are nearly identical, and the magnetic flux density
comparison in Figure 11 shows that the existence of the sensor coil unit creates almost no interference
with the magnetic flow between the load coil and sensor coil. This verifies that the placement of the
sensor coil has little effect on the performance of the overall WPT system.
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Figure 11. Simulation results showing the magnetic flux density for the load coil (a) with the sensor
coil unit and (b) without the sensor coil unit.

The output voltage waveforms generated from the sensor coil when it is misaligned to the left
or right side are shown in Figure 12. The results show that the resulting voltage for the left side and
right side maintains a 90 degree phase difference, thus validating the theory shown in Figure 9, and
clearly distinguishing the left/right side regions regardless of position. It can also be observed that
the relationship between the sensor coil’s induced voltage and lateral misalignment is non-linear.
However, this information can be neglected because the left/right directions can be clearly identified
by the sensor coil. With the left/right information, the exact lateral misalignment position can be
identified by measuring the voltage through the load coil, which is further processed in the ACAS
lateral position detection unit.
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3.2. ACAS Lateral Position Detection Unit

As mentioned in Section 3.1, the left and right sides can be detected based on the phase difference.
The ACAS lateral position detection unit is responsible for converting those values into information
that can be processed by the ACAS fuzzy steering controller. The block diagram of the ACAS lateral
position detection unit is shown in Figure 13.
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It consists of a voltage comparator, exclusive OR (XOR) gate, and digital voltmeter. The load coil
waveform and the sensor coil waveform are each converted into logic square waveforms through the
voltage comparators as shown in the block diagram in Figure 13. From here, the converted sensor
coil logic signal, Vse

′, and the converted load coil logic signal, VL
′ are sent into the XOR gate, where

the two signals are compared with each other to determine the left or right lateral position. Since the
phase of the load coil remains unchanged, the load coil voltage (in AC form) can be used as a reference
to determine the phase change in the sensor coil, as shown in Figure 9. The logic flow of the XOR gate
output used to determine the left and right position is shown in Figure 14. Two input signals Vse

′, and
VL
′ are sent as input into the XOR gate. Based on the nature of operation of the XOR gate, the output

at the XOR gate, expressed as LP, is either a 5 V output (logic HI) or a 0 V (logic LO) signal to indicate
left or right, respectively.
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With the left or right side detected, the location of the lateral misalignment, y, can be determined
as follows:

y =

{
− f (VL) i f LP = HI

f (VL) i f LP = LO
(10)

where f (VL) is a function that represents the relationship between the load coil voltage and the lateral
position, y. With the known left/right position, the lateral misalignment y is estimated and directly
fed as input into the ACAS fuzzy steering controller.

3.3. ACAS Fuzzy Steering Controller

The lateral misalignment is estimated based on the voltage measurement alone, but irregularities
can occur in the reading of the angular misalignment of the load coil, or even because of the non-linear
characteristics of the DWC system. In addition, the source coil used in DWC systems is typically
installed in segments to maximize efficiency, as described in [12,26]. Thus, it can be expected that
the voltages generated in each segment will not be entirely identical. To tolerate such characteristics,
a fuzzy logic based steering control method is used in the ACAS, because it can provide better dynamic
response compared to other conventional controllers [27,28]. The fuzzy logic steering controller used
for the ACAS in this paper was previously introduced by the authors. In the present study, only
experiments to verify the performance of the fuzzy steering controller were conducted. The design
process and simulation results can be obtained in [24].

4. Experimental Validation

To observe and validate the overall performance of the ACAS, a smaller scale DWC system and
experimental vehicle were constructed, and two experiments were conducted. In the first experiment,
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the main purpose was to validate the power loss due to lateral misalignment, and also to validate
the operating concept of the proposed sensor coil. Because the first experiment operated near a 90 W
power level, a static load (10 Ω resistor) was used instead of the experimental vehicle because the
stated power level exceeded the recommended operation settings used in the experimental vehicle.
For the second experiment, the main purpose was to validate the overall operating concept of the
ACAS. The same DWC system from the first experiment were used, but the power level was reduced
to 10 W, so that the experimental vehicle could be used. The operation of the experimental vehicle can
be viewed in the video shown in S1.

4.1. Experimental Setup

A DWC system was constructed in laboratory scale to validate the operation of the ACAS system.
The source coil unit and the load coil/sensor coil unit are shown in Figure 15. The electrical and
dimension parameters of the coil units are shown in Table 2.
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Table 2. Dimensions and electrical parameters of the coils used in the experiment.

Parameter Source Coil Load Coil Sensor Coil

Dimensions (W × L × H) 19.0 cm × 54.0 cm × 1.5 cm 8.0 cm × 16.0 cm × 2.0 cm 2.0 cm × 2.5 cm × 2.5 cm

# of turns 20 42 10

inductance 590.00 µH 186.15 µH 2.45 µH

The source coil unit and the load coil each consist of ferrite core assemblies as shown in Figure 16.
In case of the source coil ferrite core assembly, it consists of ferrite blocks of two different types, which
has been identified as ferrite block type A and type B, respectively. The difference between the two
ferrite blocks are its dimensions, while the other specifications are identical, as shown in Table 3.

Energies 2017, 10, 315 11 of 20 

 

operating concept of the proposed sensor coil. Because the first experiment operated near a 90 W 
power level, a static load (10 Ω resistor) was used instead of the experimental vehicle because the 
stated power level exceeded the recommended operation settings used in the experimental vehicle. 
For the second experiment, the main purpose was to validate the overall operating concept of the 
ACAS. The same DWC system from the first experiment were used, but the power level was reduced 
to 10 W, so that the experimental vehicle could be used. The operation of the experimental vehicle 
can be viewed in the video shown in S1. 

4.1. Experimental Setup 

A DWC system was constructed in laboratory scale to validate the operation of the ACAS 
system. The source coil unit and the load coil/sensor coil unit are shown in Figure 15. The electrical 
and dimension parameters of the coil units are shown in Table 2. 

(a) (b)

Figure 15. Coil construction of the (a) source coil unit and (b) load coil/sensor coil unit. 

Table 2. Dimensions and electrical parameters of the coils used in the experiment. 

Parameter Source Coil Load Coil Sensor Coil 
Dimensions  

(W × L × H) 
19.0 cm × 54.0 cm × 1.5 cm 8.0 cm × 16.0 cm × 2.0 cm 2.0 cm × 2.5 cm × 2.5 cm

# of turns 20 42 10 
inductance 590.00 μH 186.15 μH 2.45 μH 

The source coil unit and the load coil each consist of ferrite core assemblies as shown in Figure 
16. In case of the source coil ferrite core assembly, it consists of ferrite blocks of two different types, 
which has been identified as ferrite block type A and type B, respectively. The difference between the 
two ferrite blocks are its dimensions, while the other specifications are identical, as shown in Table 3. 

(a) (b)

Figure 16. Ferrite core assemblies for the (a) source coil and (b) load coil unit. 

  

Figure 16. Ferrite core assemblies for the (a) source coil and (b) load coil unit.



Energies 2017, 10, 315 12 of 20

Table 3. Material characteristics of ferrite blocks types A and B identified in Figure 16.

Parameter Ferrite Block Type A Ferrite Block Type B

Dimensions (W × L × H) 10.0 cm × 10.0 cm × 1.0 cm 10.0 cm × 4.0 cm × 1.0 cm
Material Manganese-Zinc (Mn-Zn)

Permeability (µ) 3200
Saturation flux density (BS) 520 mT

The laboratory scale vehicle is shown in Figure 17. The lateral position detection unit as well
as the fuzzy steering controller unit described in [24] were programmed into the microcontroller as
shown in Figure 17a, and the constructed load coil/sensor coil unit was mounted underneath the
vehicle as shown in Figure 17b. The complete experimental setup is shown in Figure 18, where a
20 kHz inverter was used as the main source for delivering power wirelessly from the source coil to
the load coil. It can also be observed that an acrylic plate has been placed between the source coil and
load coil. The mentioned acrylic plate was moved laterally left and right to generate misalignment
between the source coil and load coil.
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Figure 18. Experimental setup of the experimental vehicle with the ACAS unit.

Figure 19 shows the schematic of the overall experiment, and the values of parameters shown are
listed in Table 4. The VS is the main voltage source generated from the 20 kHz inverter unit, and it
was adjusted to generate 90 W and 10 W at the load for the first experiment and second experiment,
respectively. During the construction phase of the experimental vehicle, it was observed that a lot
of noise was generated which affected the sensor coil’s measurement accuracy. Therefore, an active
non-inverting (NI) low-pass filter (LPF) was constructed using an instrumentation amplifier, and
placed between the sensor coil and the voltage comparator as shown in Figure 19. The R, C values
for the LPF, assigned as RLPF, and CLPF, respectively, was assigned to match the cut-off frequency of
20 kHz as close as possible, which is also listed in Table 4.
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Figure 19. Overall circuit schematic for the experiment.

Table 4. Measured value of each components for the circuit schematic shown in Figure 19.

Component Symbol Value

Source/load coil components to
match resonance @ 20 kHz

LS 590.00 µH

RS 170 mΩ

CS 107.33 nF

LL 186.15 µH

RL 103 mΩ

CL 328.11 nF

Rectifier smoothing capacitor Csmooth 3200 µF

Low-pass filter (LPF) components RLPF 919 Ω

CLPF 9.8 nF

Load resistance for first experiment
(static load) RL 10 Ω

Load resistance for second experiment
(experimental vehicle load) RL

2~3 Ω
(varying load due to motor operation)

In the first experiment (static load), the load coil was moved from −8 cm (left) to 8 cm (right) in
1 cm increments. The change in voltage and current was monitored through the voltmeter and current
meter, respectively, and recorded. Also, the changes in the load coil and sensor coil voltage waveforms
were monitored through the oscilloscope as well. Because the power was reduced to 10W in the second
experiment (experimental vehicle load), the load coil was moved less; −5 cm (left) to 5 cm (right) in
1 cm increments, unlike ±8 cm in the first experiment. The sensor coil voltage waveform as well as
its converted logic signals were monitored through the oscilloscope, and the detected voltage and
steering position data were recorded through the microcontroller in the experimental vehicle.

4.2. Experimental Results from the First Experiment (Static Load: 10 Ohm Resistor)

Figure 20 shows the measured voltage and current as the load coil was moved from −8 cm (left)
to 8 cm (right) in 1 cm increments. Based on Figure 20, it can be seen that the power is significantly
reduced when the lateral misalignment increases, both from the right side and left side. Half of the load
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coil’s power was lost at ±4 cm, and nearly all of its power was lost at ±8 cm. The results in Figure 20
verify the theory explained in Section 2, and thus, justify the need for the proposed ACAS system.Energies 2017, 10, 315 14 of 20 
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Figure 21. Oscilloscope readings from the first experiment showing the voltage waveform of the load 
coil and the sensor coil unit at (a) left misalignment; and (b) right misalignment. 

4.3. Experimental Results from the Second Experiment (Load: Experimental Vehicle) 

The recorded load coil and sensor coil waveforms for the second experiment are shown in Figure 
22. These results show characteristics similar to the results shown in Figure 21, except there is a lower 
voltage amplitude, because the source coil was operating at a 10 W power level. Based on the 
recorded data, the phase of the sensor coil relative to the load coil for the left side (Figure 22a) and 
the right side (Figure 22b) are 139.5 degrees and −58.7 degrees, respectively, which makes the phase 
difference between left and right side 198.2 degrees. This slightly exceeds the theoretical 180 degree 
phase difference, but the difference between the left region and right region can still be clearly 
distinguished. 

Figure 20. Voltage and current measured at the load, and its calculated power (first experiment:
static load).

Figure 21 shows the voltage waveforms of the load coil and the sensor coil measured from
the oscilloscope. Figure 21a,b represent when the load coil has a left misalignment, and a right
misalignment, respectively. The captured results indicate that significant noise is present in the sensor
coil waveform. These are filtered out through a low-pass filter before being converted into a logic
signal as shown in the circuit schematic in Figure 19. Based on the results shown in Figure 21a,
the phase difference between the load coil and sensor coil is 118.9 degrees (left misalignment), while
the phase difference in Figure 21b is −57.3 degrees (right misalignment). The difference between the
two recorded phase values is 176.2 degrees, which is near the 180 phase angle difference described in
the last paragraph in Section 3.1.
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4.3. Experimental Results from the Second Experiment (Load: Experimental Vehicle)

The recorded load coil and sensor coil waveforms for the second experiment are shown in
Figure 22. These results show characteristics similar to the results shown in Figure 21, except there
is a lower voltage amplitude, because the source coil was operating at a 10 W power level. Based on
the recorded data, the phase of the sensor coil relative to the load coil for the left side (Figure 22a)
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and the right side (Figure 22b) are 139.5 degrees and −58.7 degrees, respectively, which makes the
phase difference between left and right side 198.2 degrees. This slightly exceeds the theoretical
180 degree phase difference, but the difference between the left region and right region can still be
clearly distinguished.Energies 2017, 10, 315 15 of 20 
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where threshold is a certain fixed value used as a reference to compare with ܮ ௧ܲ௢௧௔௟. The left or right 
position of the vehicle can be clearly distinguished when ܮ ௧ܲ௢௧௔௟ is greater or lower than the threshold, 
respectively. Figure 24 illustrates the recorded DC voltage and current values as the vehicle was 
moved from left to right. These values have a trend similar to the data shown in Figure 20, where 
power decreased significantly with increasing misalignment. The data from Figure 24 were used to 

Figure 22. Oscilloscope readings from the second experiment showing the voltage waveform of the
load coil and sensor coil unit at (a) left misalignment; and (b) right misalignment.

The waveforms (1) and (2) shown in Figure 23 show the converted square waveforms of the
load coil and sensor coil outputs from Figure 22, respectively. These converted square waveforms are
fed into the XOR gate, and the output signals are shown as waveform (3) in Figure 23. Figure 23a,b
represent the left misalignment case and the right misalignment case, respectively. As can be seen from
Figure 21, a phase difference between the load coil and sensor coil exists, thus the output generated
by the XOR gate is an “unclean” HIGH or LOW logic output. However, it still verifies the concept
illustrated in Figure 14.
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Figure 23. Oscilloscope readings from the second experiment showing the converted logic waveform
of the (1) load coil; (2) sensor coil; and (3) the XOR gate output for (a) left misalignment; and
(b) right misalignment.

To compensate the “unclean” signal from the two signals shown in waveform (3) in Figure 21a,b,
a moving average filter was implemented in the main controller as follows:

LPtotal =
1
N

N−1

∑
j=0

LP[i + j] (11)

where LPtotal is the filtered lateral position output based on the number of samples, N. From this,
the LP described in Equation (10) can finally be identified, as follows:
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LP =

{
le f t, i f LPtotal > threshold
right, i f LPtotal < threshold

(12)

where threshold is a certain fixed value used as a reference to compare with LPtotal . The left or right
position of the vehicle can be clearly distinguished when LPtotal is greater or lower than the threshold,
respectively. Figure 24 illustrates the recorded DC voltage and current values as the vehicle was moved
from left to right. These values have a trend similar to the data shown in Figure 20, where power
decreased significantly with increasing misalignment. The data from Figure 24 were used to determine
the relationship between voltage and misalignment distance, f (VL), shown in Equation (10), which
came out as y = −0.1834x2 − 0.055x + 6.7756. In the equation, x is the measured voltage, and y is
the determined misalignment range output.
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Based on the estimated lateral misalignment values, the steering can be controlled, as shown in 
the experimental vehicle’s recorded data in Figure 26. It should be noted that the experimental setup 
differs greatly from a real driving environment, because the vehicle’s lateral position was forcibly 
changed using the acrylic plate. However, the test demonstrates that the fuzzy controller designed in 
[24] outputs a steering value corresponding to the lateral misalignment position, thus verifying the 
feasibility of the operating concept of the autonomous steering control. 

Figure 24. Voltage and current measured at the load, and its calculated power, and its calculated power
(second experiment: experimental vehicle load).

Figure 25 shows the data acquired from the experimental vehicle from the second experiment,
indicating the estimated lateral misalignment based on voltage readings from the digital voltmeter,
and the determined left/right region from the sensor coil. The negative values and positive values on
the misalignment range axis are the left and right lateral misalignment location values, respectively.
It can be observed that the vehicle’s position is always above or below the origin point (0 cm). This is
because a tolerance range has been assigned in the fuzzy steering controller, which is ±1.7 cm at the
origin point. If the desired position was set at the origin point (0 cm), it can be expected that continuous
steering oscillations will occur, which is undesirable for both the vehicle’s safety and comfort.
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Based on the estimated lateral misalignment values, the steering can be controlled, as shown in
the experimental vehicle’s recorded data in Figure 26. It should be noted that the experimental setup
differs greatly from a real driving environment, because the vehicle’s lateral position was forcibly
changed using the acrylic plate. However, the test demonstrates that the fuzzy controller designed
in [24] outputs a steering value corresponding to the lateral misalignment position, thus verifying the
feasibility of the operating concept of the autonomous steering control.Energies 2017, 10, 315 17 of 20 
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1. For the vehicle without ACAS, the estimated power shown in Figure 27 was assumed to be the 
level of power that would actually be received by the DWC vehicle while in operation. 

2. For the vehicle with ACAS, it was assumed that a constant 11W of power is generated, as the 
vehicle’s load coil is kept in constant alignment with the source coil on the road. 

Based on these two assumptions, an analysis comparing the energy accumulated by the vehicle 
with ACAS and the vehicle without ACAS was conducted, and the results are shown in Figure 28. 
The recorded accumulated energy at the 30 second mark (shown in Figure 28) is 0.067 Wh for the 
vehicle without ACAS, and 0.091 Wh for the vehicle with ACAS, respectively. Assuming that the 
experiment continued at this rate for an hour, the total accumulated energies would be 8.04 Wh and 
10.92 Wh for the vehicle without ACAS and the vehicle with ACAS, respectively. Based on these 
values, the vehicle with the ACAS received 26% more accumulated energy than the vehicle without 
the ACAS. 

Figure 26. Steering angle output generated by the Fuzzy steering controller designed in [24] based on
the estimated lateral misalignment shown in Figure 22.

Figure 27 shows the estimated power received in the load coil of the experimental vehicle.
The estimated power is the product of voltage and current. The voltage was measured by a digital
voltmeter installed in the vehicle. The current can be calculated by finding the relationship function
between voltage and current based on Figure 24. The figure shows that when the vehicle’s load coil is
aligned with the source coil, roughly 11 W of power is received, and when the vehicle is at a ±5 cm
lateral misalignment, the received power falls to roughly 4 W. This indicates that the received power is
reduced by more than two thirds of its maximum level, which can result in a significant loss in the
vehicle’s driving range.
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Figure 27. Estimated power received by the load coil of the experimental vehicle during the
second experiment.

To show the significance of the ACAS, an analysis comparing the generated energy of a vehicle
with ACAS and without ACAS was conducted. Here, two assumptions are made:

1. For the vehicle without ACAS, the estimated power shown in Figure 27 was assumed to be the
level of power that would actually be received by the DWC vehicle while in operation.

2. For the vehicle with ACAS, it was assumed that a constant 11W of power is generated, as the
vehicle’s load coil is kept in constant alignment with the source coil on the road.
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Based on these two assumptions, an analysis comparing the energy accumulated by the vehicle
with ACAS and the vehicle without ACAS was conducted, and the results are shown in Figure 28.
The recorded accumulated energy at the 30 second mark (shown in Figure 28) is 0.067 Wh for the
vehicle without ACAS, and 0.091 Wh for the vehicle with ACAS, respectively. Assuming that the
experiment continued at this rate for an hour, the total accumulated energies would be 8.04 Wh and
10.92 Wh for the vehicle without ACAS and the vehicle with ACAS, respectively. Based on these
values, the vehicle with the ACAS received 26% more accumulated energy than the vehicle without
the ACAS.Energies 2017, 10, 315 18 of 20 

 

 
Figure 28. Comparison of estimated energy accumulated by a vehicle with ACAS and a vehicle 
without ACAS (based on generated power in the load coil shown in Figure 24). 

5. Conclusions 

This paper has proposed an ACAS for EVs with DWC to maximize the power delivered to the 
load coil, by keeping the vehicle aligned with the source coil as much as possible. The proposed ACAS 
system was verified through simulations and experiments. Two separate experiments were 
conducted at different power levels. One was conducted at ~90 W, and the other at ~10 W. The 
experiments verified the operating concept of the sensor coil, which is the key component used to 
determine the left/right side misalignment. In addition, an analysis based on the results of the second 
experiment demonstrated the advantage of the proposed ACAS in the vehicle, where 26% more 
energy could be accumulated by keeping the vehicle’s load coil aligned with the source coil. By 
incorporating an improved steering controller which has a faster response to the vehicle’s 
characteristics, it can be expected that more energy could be saved. The ACAS provides a solution to 
resolve the reduction in power received in the load coil during DWC due to misalignment, and 
ultimately provide higher efficiency and longer driving ranges for EVs with DWC. 

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/10/3/315/s1,  
Video S1: video showing the overall operation of the autonomous coil alignment system (ACAS). It can be seen 
that the vehicle’s steering position is autonomously adjusted once significant misalignment is detected. 

Acknowledgments: This research was supported by the MSIP (Ministry of Science, ICT and Future Planning), 
Korea, under the ITRC (Information Technology Research Center) support program (IITP-2016-R2718-16-0012) 
supervised by the IITP (National IT Industry Promotion Agency) and the IT R&D program of MSIP/IITP. (B0138-
16-1002, Study on the EMF exposure control in smart society). 

Author Contributions: Karam Hwang conceived and designed the experiments; Karam Hwang performed the 
experiments; Karam Hwang, Jaeyong Cho, Dongwook Kim, and Jaehyoung Park, and Seungyoung Ahn 
analyzed the data; Jong Hwa Kwon, Sang Il Kwak, Hyun Ho Park, and Seungyoung Ahn contributed 
reagents/materials/analysis tools; Karam Hwang and Seungyoung Ahn wrote the paper. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Aziz, M.; Oda, T.; Mitani, T.; Watanabe, Y.; Kashiwagi, T. Utilization of Electric Vehicles and Their Used 
Batteries for Peak-Load Shifting. Energies 2015, 8, 3720–3738. 

2. Cao, C.; Wang, L.; Chen, B. Mitigation of the Impact of High Plug-in Electric Vehicle Penetration on 
Residential Distribution Grid Using Smart Charging Strategies. Energies 2016, 9, 1024. 

3. Tan, L.; Liu, H.; Liu, Z.; Guo, J.; Yan, C.; Wang, W.; Huang, X. Power Stabilization Strategy of Random 
Access Loads in Electric Vehicles Wireless Charging System at Traffic Lights. Energies 2016, 9, 811. 

4. Choi, S.Y.; Gu, B.W.; Jeong, S.Y.; Rim, C.T. Advances in wireless power transfer systems for roadway-
powered electric vehicles. IEEE J. Sel. Top. Power Electron. 2015, 3, 18–36. 

Figure 28. Comparison of estimated energy accumulated by a vehicle with ACAS and a vehicle without
ACAS (based on generated power in the load coil shown in Figure 24).

5. Conclusions

This paper has proposed an ACAS for EVs with DWC to maximize the power delivered to the
load coil, by keeping the vehicle aligned with the source coil as much as possible. The proposed ACAS
system was verified through simulations and experiments. Two separate experiments were conducted
at different power levels. One was conducted at ~90 W, and the other at ~10 W. The experiments
verified the operating concept of the sensor coil, which is the key component used to determine the
left/right side misalignment. In addition, an analysis based on the results of the second experiment
demonstrated the advantage of the proposed ACAS in the vehicle, where 26% more energy could
be accumulated by keeping the vehicle’s load coil aligned with the source coil. By incorporating an
improved steering controller which has a faster response to the vehicle’s characteristics, it can be
expected that more energy could be saved. The ACAS provides a solution to resolve the reduction
in power received in the load coil during DWC due to misalignment, and ultimately provide higher
efficiency and longer driving ranges for EVs with DWC.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1073/10/3/315/s1,
Video S1: video showing the overall operation of the autonomous coil alignment system (ACAS). It can be
seen that the vehicle’s steering position is autonomously adjusted once significant misalignment is detected.
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