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Lateral Position Error Reduction Using
Misalignment-Sensing Coils in Inductive Power
Transfer Systems

Ivan Cortes

Abstract—Inductive power transfer (IPT) remains one of
the most common ways to achieve wireless power trans-
mission, operating on the same electromagnetic principle
as electrical transformers but with an air core instead of
an iron core. IPT has been implemented in many applica-
tions, including wireless charging of consumer products
like smartphones and electric vehicles. However, one chal-
lenge with using IPT is ensuring precise alignment between
the primary and secondary coils of the system so that max-
imum power transfer can take place. In this paper, the use
of misalignment-sensing coils to detect and correct lateral
misalignments in an IPT system is modeled and tested. The
sensing coils exploit magnetic-field symmetry to give a non-
linear measurement of misalignment direction and magni-
tude. Experiments using such sensing coils give a misalign-
ment sensing resolution better than 1 mm when applied to
a commercial smartphone wireless charger. Voltage read-
ings from the sensing coils are used for closed-loop con-
trol of an experimental two-dimensional coil positioner that
can reduce lateral misalignments as large as 35 mm to less
than 1.4 mm, allowing for effective power transfer. A similar
sensing coil concept can be used to reduce lateral mis-
alignments in scaled IPT systems, such as electric-vehicle
wireless chargers.

Index Terms—Electric sensing devices, magnetic sen-
sors, motion detection, wireless power transmission.

[. INTRODUCTION

OBILE devices are increasingly in need of convenient
M and efficient ways to be powered. Wireless power trans-
mission is of special interest because it eliminates the need for
physical contact between a power source and an end device.
Advantages of wireless power transmission include eliminating
electrical contact wear, increasing device mobility, providing
isolation from the environment, and reducing the battery capac-
ity needed for operation [1].
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Inductive power transfer (IPT) is the most common method of
wireless power transmission. As its name suggests, IPT makes
use of the inductive link between coils in proximity of each
other to transfer energy [2]. Tesla is widely regarded as a pi-
oneer of IPT since he experimented with powering electrical
devices through the air in the late 1800s [3]. Decades before,
electromagnetic induction had been discovered by Faraday and
Henry, and in 1885 Stanley created the first practical electrical
transformer—a prime example of IPT [4], [5]. IPT has been
implemented in the wireless charging of devices like mobile
phones, electric vehicles, medical implants, and others [1], [6].

In an electrical transformer, inductive coils are closely cou-
pled with each other using an iron core, allowing power-transfer
efficiencies easily greater than 95%. In IPT for wireless charg-
ing, the power-source and end-device coils are coupled loosely
through an air core. Device mobility provides a challenge for
IPT wireless charging systems since coil misalignments weaken
the inductive link and result in decreased power transfer [7]-[9].

In the literature, IPT misalignment intolerance has been ad-
dressed in at least the three following ways:

1) improving coil circuits using resonance tuning;

2) altering the number, geometry, or orientation of coils;

3) detecting and correcting misalignments between the
coils.

In resonance-based tuning compensation circuits with series
or parallel capacitors are added so that the resonance frequency
between the transmitting and receiving coils is matched [10]. In
some cases, such as in the widely-adopted Qi wireless charg-
ing standard, the operating frequency or the power level of the
charger is modulated in real time using closed-loop control [11],
[12]. Resonance-based tuning increases the IPT transmission
range and can be used to reduce the magnetic field effects on
foreign objects.

Introducing additional IPT coils or changing their geometry
has also been used to address misalignment intolerance. For
example, the power source may be connected to an array of
transmitting coils rather than just one, effectively increasing the
magnetic flux density distribution [13]. A similar concept was
used for rodent tracking within a cage in [14]. In another study,
orthogonal receiving coils were used to increase power transfer
when there were angular misalignments [15].

A third way to address misalignment intolerance is to detect
misalignments and correct them. In many commercial products,
visual markers or light indicators assist users in aligning their
device with the IPT transmitter. In more sophisticated systems,
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Fig. 1. Basic setup for an IPT system. The key working principle is

an induced voltage in the secondary coil as a result of the time-varying
magnetic flux produced by the primary coil.

misalignments are detected using various sensors [16]. The Qi
standard provides some suggestions for misalignment detection,
including the use of capacitive, resistive, or inductive sensing
grids [8]. Detecting misalignments introduces the possibility
of automatically correcting them in real time. For example,
one research group used sensing coils to detect misalignments
between a vehicle and an in-road wireless charger as it moved
[17]. In [18] and [19], auxiliary coils are added to an IPT system
to sense lateral misalignments.

In this paper, the use of sensing coils for misalignment de-
tection in an IPT system is modeled and tested. The focus is
on the lateral misalignment between two IPT coils that remain
parallel to each other and at a fixed distance—a scenario con-
sistent with applications such as wireless charging of electric
vehicles, home appliances, and other mobile devices. Success-
ful misalignment detection using the sensing coils allows for
experimentation with closed-loop control of a two-dimensional
(2-D) coil positioner—a variation of which can be implemented
in charging applications to ensure the maximum power transfer
takes place. Automatic alignment for IPT is especially suited for
autonomous charging applications that have recently generated
interest [20], [21].

This paper consists of seven sections. In Section II, the basic
working principle of an IPT system is reviewed and analyzed
considering a circular coil geometry. Section III introduces the
sensing coils proposed for detecting lateral misalignments in
the IPT system. This section presents simulated results of the
sensing coil’s signal output. An experimental setup that consists
of a sensing coil assembly and a 2-D positioner is described in
Section I'V. In Section V, a closed-loop controller for automatic
alignment using the 2-D positioner is presented. The results
of three sensing-coil experiments are given in Section VI. The
experiments measure the sensing coils’ voltage outputs at var-
ious misalignment conditions and the 1-D and 2-D automatic
alignment performances of the alignment system. Section VII
presents the conclusions from these experiments.

II. IPT ANALYSIS

A simple model of an IPT system is developed here using
electromagnetic principles. In a basic IPT system (see Fig. 1),
there is one primary coil connected to an ac power source
and a secondary coil connected to the end device. The time-
varying magnetic flux density created by the current-carrying
primary coil can be calculated using the Biot—Savart law, and the
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Fig. 2. Magnetic flux density’s z component as a function of the hori-
zontal distance away from the primary coil center at various heights of
1/8, 1/4, 1/2, 3/4, and 1 m. Results shown are for a circular primary coil
of 1 m with 1-A current. The magnitude of B, is greatest directly above
the primary coil.

induced voltage in the secondary coil can be calculated using
Faraday’s law of magnetic induction. Most importantly, it is the
time derivative of the magnetic flux penetrating the secondary
coil that induces a voltage in the secondary coil. Assuming a si-
nusoidal ac power source, the induced voltage in the secondary
coil can be expressed in the following form:

Vinduced = (n w 7{ B, da) sin (wt) (1)
where
n: number of turns in the secondary coil;
w: operating frequency of the ac power source [rad/s];
B.: magnetic flux density z component [T];

da:  infinitesimal coil area element [m?].

Equation (1) predicts many of the known characteristics of
IPT systems. For example, increasing the operating frequency
or the number of secondary coil turns generally increases the
power transfer. Furthermore, to maximize power transfer to a
secondary coil, the magnetic flux density penetrating it should
be maximized. The misalignment intolerance of IPT systems
is a result of the spatially-dependent magnetic-flux-density dis-
tribution since misalignments tend to reduce the magnetic flux
penetrating the secondary coil. In (1), the effects of coil move-
ment are ignored since the time-varying flux contribution from
coil movement is expected to be insignificant compared to that
due to the high-frequency alternating field.

A. Magnetic-Flux-Density Distribution

The spatial distribution of the magnetic flux density is a key
to understanding misalignment effects on IPT. For a circular
primary coil, which is a common geometry in IPT systems, the
magnetic flux density is axisymmetric. Fig. 2 shows the radial
and z dependence of B, due to a normalized primary coil of
1-m radius and 1-A current. The greatest magnitudes of B, oc-
cur above the primary coil, and greater heights have a lower
B, everywhere. At low heights (relative to the primary coil ra-
dius, such as 1/8 m in Fig. 2), the magnetic flux density initially
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Fig. 3. Proposed sensing coils attached symmetrically to the sec-
ondary coil. As the secondary coil moves in the x-direction, the sensing
coils can be used to measure imbalances in the magnetic flux density
around the secondary coil.

increases with horizontal distance. This is because these loca-
tions are near the primary coil wire, where the magnetic flux
density is largest. The flux density at each location in space is
contributed by each infinitesimal wire segment with a magni-
tude proportional to the inverse square of the distance to the
respective segment.

According to Fig. 2, a secondary coil parallel to the primary
coil should remain concentric and close to the primary coil
for appreciable power transfer to occur. This is because the flux
penetrating the secondary coil is a surface integration of B, over
the secondary coil area. If the secondary coil is near the same
size as the primary coil then even small lateral misalignments
reduce the magnetic flux penetrating the secondary coil and
power transfer is reduced. Numerous studies have shown how
misalignments affect power transfer efficiency [6], [7].

To detect lateral misalignments in an IPT system, one might
monitor the magnetic flux density within the secondary coil. Ac-
cording to (1), the induced voltage can serve as a measurement
of magnetic flux. However, the induced voltage in the secondary
coil can change due to the factors other than misalignment, and
alternative ways to detect misalignments have been researched
[16]. Furthermore, it may be difficult to determine the misalign-
ment direction from the induced voltage in the secondary coil
alone.

I1l. MISALIGNMENT-SENSING COILS

Rather than monitoring the induced voltage of the secondary
coil to detect IPT misalignments, dedicated misalignment-
sensing coils are introduced.

A. Operating Principle

The use of sensing coils is based on the observations made
in Fig. 2—that the flux-density distribution is axisymmetric and
that B, is largest above the primary coil. Two small coils are
attached symmetrically to the secondary coil and move along
with it as shown in Fig. 3. When there is no lateral misalignment,
the left and right sensing coils experience the same induced
voltage due to the symmetric flux-density distribution from the
primary coil. However, as the secondary coil moves in the z-
direction, different induced voltages occur in the left and right
sensing coils. The difference in induced voltages can be used
to detect the x misalignment. Magnetic flux from the secondary

(2) (b) (©)

Fig. 4. Scenarios of lateral misalignment that can be detected by the
sensing coils. The circle centered at the origin represents the area in
which the sensing coils must remain to experience an induced voltage
and is estimated to be approximately the size of the primary coil. The
circle around the sensing coils represents the secondary coil, which
moves with the sensing coils.

coil affects both sensing coils equally, so it does not affect the
voltage difference at any time. The placement and size of the
sensing coils will determine the range of misalignment amounts
that can be detected. Due to the distribution shown in Fig. 2, it is
predicted that the sensing coils will experience induced voltages
as long as they remain above the primary coil, where the flux
density is largest.

The sensing-coil configuration in Fig. 3 can be used to detect
z-direction misalignments, but additional sensing coils can be
introduced to sense misalignments in any radial direction away
from the z-axis. In this paper, the simple case where two sensing
coils are added for the x-direction and two for the y-direction
is considered. Misalignment detection and correction in these
two orthogonal directions allows for positioning in an xy plane
that is parallel to the primary coil. Misalignments in this plane
are referred to as lateral misalignments. Sensing and correcting
lateral misalignments is accomplished in this paper by treating
the x- and y-directions separately using closed-loop control.

To predict the effects of independent - and y-direction mis-
alignment reduction using closed-loop control, consider the
three cases presented in Fig. 4. These scenarios represent three
different types of lateral misalignment that can occur and the
expected outcomes for corrective action using the sensing coils
with independent = and y control loops. The black circles are
the sensing coils and the circle centered at the origin represents
the region in which the sensing coils experience an induced
voltage. Recall that the size of this circle is expected to be ap-
proximately the size of the primary coil. The arrow pointing
to the origin represents a plausible trajectory for alignment. In
scenario (a) the misalignment is in the z-direction only and the
largest misalignment distance that can be detected is about one
primary coil diameter. In scenario (b) the misalignment is equal
in both the x- and y-directions, and the maximum misalignment
that can be detected is less than the primary coil diameter. In (a)
only the x controller is needed for alignment, and in (b) the x
and y controllers can work simultaneously to provide a trajec-
tory to alignment. In scenario (c) the misalignment is 2-D but
greater in the y-direction than the z-direction, such that only the
bottom y sensing coil remains within the maximum detection
region. In this case, the z-direction misalignment cannot be de-
tected initially because neither of the = sensing coils are within
the detection region. However, as the y-direction misalignment
is being corrected, the x sensing coils will enter the detec-
tion region and the z-direction misalignment will eventually be
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increasing the number of sensing-coil turns will also increase
Fig. 5. Simulated voltage difference between sensing coils as they  the induced voltage.

move horizontally away from the primary coil center. Results for various
sensing-coil diameters are included. The primary coil has a 1-m radius
and carries 1 A of current. The sensing coils are at 1-m height and
are spaced so that they fit inside a 1-m radius circle. The voltage sign
indicates misalignment direction.

corrected. In such a scenario, the trajectory to alignment will
not be straight.

The scenarios illustrated in Fig. 4 suggest that the arrange-
ment of four sensing coils and independent control loops in the
x- and y-directions can be used to provide automatic IPT align-
ment for various lateral misalignments within a limited range.
The smallest range occurs in scenario (b), where the misalign-
ment is equal in both the x- and y-directions, and the largest
range occurs in scenario (a), where the misalignment is only in
one direction. The difference in these ranges depends on the coil
geometries. A trigonometric estimate is that the range in (b) will
be less than 70% of that in (a). Another anticipated consequence
of using separate x- and y-direction control is nonstraight
trajectories to alignment in some cases. Different alignment
speeds in each direction would also cause nonstraight alignment
trajectories.

B. Simulation Results

Using a finite-element approximation of Faraday’s law, the
induced voltage for sensing coils such as those in Fig. 3 was
simulated. Fig. 5 shows the simulation results as two sensing
coils of various diameters are moved along the z-direction.
For each plotted curve, the sensing coils are at 1-m height and
are spaced so that they fit just inside a circle of 1-m radius.
According to Fig. 2, this spacing ensures that both sensing coils
are within the strong magnetic-flux-density region when there
is no misalignment and that one of the sensing coils experiences
a decrease in flux when there is misalignment. As proposed, it
is the voltage difference between the left and right sensing coils
that is plotted. The results show that the voltage difference can
be used to detect misalignment direction, but it is more difficult
to tell the misalignment magnitude due to the nonlinear trend.

The results of Fig. 5 also support the prediction that the max-
imum misalignment distance that can be detected in the 1-D
case is about one primary coil diameter (2 m in the simulation).
This appears to be true regardless of the sensing-coil diameter
although larger diameters give larger voltages. According to (1),

IV. EXPERIMENTAL HARDWARE

An experimental IPT setup using a sensing-coil assembly
and commercial Qi wireless charger rated at 5 W was used to
support the simulation results and to test automatic IPT lateral
positioning using closed-loop control.

A. Sensing Coil Assembly

The sensing-coil fixture depicted in Fig. 6 was 3-D-printed to
provide the sensing coil arrangement previously described, with
two sensing coils for the z-direction and two for the y-direction.
The secondary coil is fixed beneath the coil assembly—2 mm
under the sensing coils. The diameter of each sensing coil is
12.7 mm (0.5 in) with 15 turns of AWG 25 wire. The sensing
coils are spaced so that they fit just inside a circle with diam-
eter equal to the primary coil diameter of 43 mm (1.7 in). The
sensing-coil fixture geometry allows it to be attached to the rest
of the sensing coil assembly of the positioner, which is presented
in the next section.

A diode rectifier circuit with a smoothing capacitor and a
shunt resistor was added to each sensing coil so that the induced
voltage amplitude can easily be measured in dc form using an
Arduino UNO board. The Arduino contains a 10-bit analog-to-
digital converter with the input voltage swing between 0 and 5V,
giving a sensing resolution of about 4.9 mV. The rectifier circuits
introduce power loss to the sensing coils. The power loss can
be reduced by increasing the shunt resistor value. Furthermore,
the sensing-coil circuits could be disconnected after alignment
is completed so that they no longer affect the IPT system in any
way.

B. Two-Dimensional Positioner

The sensing-coil fixture position above the Qi wireless
charger is controlled by the experimental 2-D positioner
assembly shown in Fig. 7. In this setup, the Qi charger remains
stationary, and two stepper motors move the sensing coil fixture
in the z- and y-directions at a constant height of 6 mm above the
charger. The secondary coil remains 4 mm above the wireless
charger—well within the charger’s advertised working distance
of 8 mm. The sensing-coil assembly holds the sensing-coil fix-
ture and has linear ball bearings for smooth movement along
the guide rails. The 2-D positioner allows for precise lateral
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Fig. 7. Two-dimensional positioner used to create IPT lateral misalign-
ments in the z- and y-directions. This system is also used to test au-
tomatic closed-loop alignment for the sensing coils with the wireless Qi
charger.

misalignments to be introduced and for testing of closed-loop
IPT alignment.

Each stepper motor in the positioner assembly provides 200
steps per revolution and is powered by an L298N H-bridge
driver, which is commanded by an Arduino UNO board. The
z-direction stepper motor is connected to the sensing coil assem-
bly via a nonelastic belt and pulley, providing an x-positioning
resolution of 0.2 mm per motor step. The y-direction stepper
motor turns a leadscrew that moves the sensing coil assembly
with a y-positioning resolution of 0.05 mm per motor step.

Using these stepper motors greatly simplifies the positioner
dynamics. The permanent-magnet bipolar stepper motors pro-
vide movement in well-defined incremental steps that can be
modeled as damped step responses with zero steady-state error.
At each step, the inertia and friction of the positioner is over-
come by the motor torque to provide a new equilibrium position.
This “locked-step” mode of stepper motor operation allows the
positioner to instantly start, stop, and even reverse direction at
high speeds. The overall positioner movement can be modeled
as a series of step responses with a finite response time per step.
The overall speed of the positioner is determined by the time
delay between subsequent motor steps.

V. AUTOMATIC ALIGNMENT CONTROLLER

To test the positioning system of Fig. 7, a closed-loop con-
troller was developed. In this controller, the x- and y-direction
loops are closed independently, with the sensing coils providing
a measurement of misalignment in each direction. Due to the
positioner dynamics, a simple proportional control law is used,
where the speed of the positioner stepper motors is proportional
to the sensing coil voltage magnitude. To ensure that the po-
sitioner remains in locked-step mode, one of the performance
goals of control is to ensure that the motor speeds remain within
an experimentally determined limit (about 250 r/min for the mo-
tors in Fig. 7). This speed allows sufficient time for each motor
step to take place. Other goals are to reduce the misalignment
in a reasonable time (on the order of seconds) and to minimize
the 2-D trajectory to alignment.

Position
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I s Step I
t > s
| POSIEIVE Vo ™ Viresh | direction I
| P =1 negative V< Vi, |
00 St |V, [V
v | : pulses
Ve |
r Vi Laetay | Digital s
_|.> V. o—v - t,, (v 5| Digita -
|_ R VL » d/./uy( m/f) > output |
Fig. 8. Closed-loop control for automatic positioning of the secondary

coil above the primary coil using sensing coils to detect misalignments.

Due to the anticipated nonlinear voltage trend of Fig. 5, pro-
portional control means that the highest motor speed occurs
when the misalignment amount is about half of the primary
coil diameter. The slowest speed occurs as the positioner nears
alignment. Gradually stopping makes it less likely for the motor
to be pulled off the locked-step mode from suddenly stopping.
The movement direction is determined by the sign of the sensing
coil voltage. The voltage difference is approximately 0 V when
the system reaches alignment.

The proportional control structure, which is implemented sep-
arately for the x- and y-directions, is illustrated in Fig. 8. The
functions of the Arduino are clearly labeled. First, the Arduino
measures the voltages from the sensing coils and computes their
difference. The motor step direction is determined from the sign
of the voltage difference. Voltages that fall within a small dead-
band, set by the threshold voltage vz, result in no motor
movement. The threshold voltage was set at 0.05 V by ex-
perimentation to avoid the positioner’s limit cycling when the
voltage is nearly zero. Finally, the Arduino uses digital output to
command the stepper motor at the appropriate step frequency.
The time delay between steps determines the motor speed and
is calculated using the linear equation

tdelay(vdiﬁ") - td7 max (1 - |'Udtﬁ| /Umax) (2)
where
ldelay:  time delay [ms];
td,max: Mmaximum time delay [ms];
Vaifr: voltage difference between sensing coils [V];
Umax:  Maximum voltage difference [V].

The time delay gets smaller as vy approaches vy, o, resulting
in a faster motor speed. The value used for vy, in the forth-
coming experiments was 0.75 V and was based on the results
presented in Section VI. The ¢4 .« value used was 50 ms to set
the slowest stepper motor speed. Slower speeds are achievable
but increase the total response time.

If t4eiay 1s too small, there is not enough time to complete
each motor step and the motor is pulled off the locked-step
mode. To avoid this, the ?4..y, value is not allowed to fall below
an experimentally determined value. The minimum value was
set at 1.33 ms (for a speed of 200 r/min) for the y stepper motor
and 5.33 ms (50 r/min) for the = stepper motor. The y motor
is allowed to move four times as fast as the  motor since the
positioner distance traveled per step in the y-direction is four
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Fig. 9. Sensing-coil voltage difference measurements versus z-
direction misalignment at various conditions. If the receiver moves with
the sensing coils, the Qi charger increases its output and eventually en-
ters a pulsating mode because the receiver moves out of range. The
speed of the movement does not affect the voltage measurements.

times smaller than that of the z-direction. Limiting the speeds in
this way is expected to result in straighter alignment trajectories
since this does not allow the movement in the z-direction to be
much faster than the y-direction.

VI. EXPERIMENTAL RESULTS

A. Sensing-Coil Voltage Measurements

In the first experiment, the sensing coils are displaced from the
aligned position above the Qi wireless charger, and their voltages
are recorded. This procedure reproduces the simulation result
presented in Fig. 5. The results of this experiment are shown
in Fig. 9, where the voltage difference between the x sensing
coils is plotted as a function of z-direction misalignment. Three
distinct experimental conditions are plotted to show the effects
of the secondary coil placement and of the movement.

In the first condition, the secondary coil moves with the sens-
ing coils, as proposed for normal operation. The voltage mag-
nitude initially increases linearly with misalignment. In this
region, the Qi charger increases its power output to compensate
for reduced power transfer due to misalignment. Beyond the
misalignment of about £17 mm, the secondary coil is out of
range, and the Qi charger enters a pulsating mode (a common
behavior in commercial chargers). The sensing coils continue
to detect the misalignment at each pulse up to about =38 mm.

The second condition plotted in Fig. 9 shows what the voltage
trend looks like when the Qi charger operation is steady. To
enforce this condition, the secondary coil is held stationary.
That is, it does not move with the sensing coils. In this case,
the voltage trend is similar to that in the simulation. This gives
an idea of the sensing coil operation in a general IPT system
with a steady primary coil power. The maximum misalignment
detection range remains about 38 mm, which is near the primary
coil diameter of 43 mm, as predicted in Fig. 5. Furthermore,
the voltage sign indicates the misalignment direction, and the
voltage difference is nearly zero when there is no misalignment.
Comparing this result with the first plotted condition, one can
see that the moving secondary coil alters the operation mode of

x-misalignment direction
<

>
< »

v

y offset

Sensing-
coil
assembly

<« Qi wireless
charger

Fig. 10. Sensing-coil voltage measurements versus misalignment
were repeated with added offsets in the orthogonal direction. This pro-
cedure tests the sensing coil performance for two-dimensional misalign-
ments.
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Fig. 11.  Sensing-coil voltage measurements versus z-direction mis-
alignment. Various offsets in the y-direction (orthogonal to ) are plotted.

the Qi charger, but it does not affect the operation principle of
the sensing coils.

Finally, the third plotted condition in Fig. 9 shows that in-
creasing the movement speed does not affect the sensing-coil
voltage difference results significantly. This was predicted in the
voltage expression (1), where velocity does not appear.

To investigate the effect of 2-D misalignments on the sensing
coil performance, the voltage measurements were repeated with
added offsets in the y-direction, as indicated in Fig. 10. These re-
sults are plotted in Fig. 11. For clarity, the pulsating region of the
charger is replaced by smooth curves. As the y offset increases,
the voltage magnitudes and the largest detectable misalignment
distance decrease. At the largest misalignment (20 mm, which is
about the radius of the primary coil in the Qi charger), the trend
is no longer useful for determining misalignment direction since
there are narrow positive and negative voltage regions for both
directions of misalignment. At this large y offset, the x sensing
coils barely pass through the area above the Qi charger coils.

The results of Figs. 9 and 11 can largely be summarized
by concluding that to sense misalignments at least one of the
sensing coils should be within the region above the primary coil.
This prediction was also made from the simulation results.

B. One-Dimensional Automatic Alignment

With the functionality of the sensing coils confirmed, auto-
matic positioning of the experimental IPT system was tested.
This was accomplished using the proportional controller of
Section V and the 2-D positioner presented in Fig. 7.



CORTES AND KIM: LATERAL POSITION ERROR REDUCTION USING MISALIGNMENT-SENSING COILS IN INDUCTIVE POWER TRANSFER SYSTEMS 881

40 40
30 1 30
20 1 20
T T
E 10 1E 10
€ €
£ & 18
g At 15 1
3 3
£ -10 1€ -10
x x
20 1 -20
30 1 -30
-40 : -40 : :
0 5 10 0 1 2 3

Time (true) [s] Time (truncated) [s]

Fig. 12.  Time responses for the positioner system given various initial
misalignments in the z-direction. The system reduces misalignments to
less than 1 mm in each case. The truncated time plot removes the time
intervals of no movement that occur when the Qi charger is in pulsating
mode.

The time responses for various initial misalignments in the
x-direction are plotted in Fig. 12. In each trial, the positioner
reduces the misalignment to less than 1 mm. The effect of the
nonlinear sensing-coil voltage output can be seen in the varying
motor speed throughout the response; the slowest motor speeds
occur at large and small misalignment positions. In addition, the
pulsating mode of the Qi charger, as described in Fig. 9, causes
the positioner to move intermittently until the misalignment is
less than about 10 mm. The time delay between the Qi charger
pulses adds considerably to the total response time. To show
what the response would be like without these pulse delays, the
right plot in Fig. 12 shows the same responses with the time
intervals of no movement truncated.

Near a 35-mm initial z-misalignment (not shown), control
action failed since this position caused the sensing coils to fall
outside of the maximum sensing range. From Fig. 9, it is evident
that the farthest misalignment that can be detected is near 35 mm.
Larger misalignments leave all of the sensing coils outside of
the maximum sensing region.

C. Two-Dimensional Automatic Alignment

The automatic alignment response was also tested when the
initial misalignment was 2-D. For this experiment, the sensing
coil assembly was displaced to a certain location in the xy
plane in the beginning. The system responses for various initial
misalignments are plotted in Fig. 13. The same trials are plotted
in Fig. 14 to show the positioner trajectories in the zy plane.
For all trials, the final position error is less than 1 mm in each
of the x- and y-directions, still with little overshoot. Thus, the
total final position error is less than 1.4 mm. The nonstraight
alignment paths result from different motor speeds in the z-
and y-direction control loops. Scenario (c¢) of Fig. 4 occurs in
trials 1 and 4 and also results in a nonstraight path to alignment.
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Fig. 13.  Time responses for the positioner system given various initial

misalignments in the z- and y-directions. The system reduces misalign-
ments to less than 1 mm in each direction. Labels indicate the trial
numbers.
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Fig. 14.  Plotted trajectories in the xy plane for the 2-D automatic align-

ment trials. The trajectories are not always direct, but the misalignment
is reduced to less than 1 mm in each of the z- and y-directions. Labels
indicate the trial numbers.

Nevertheless, the response times in Fig. 13 are similar to the
1-D experiments of Fig. 12.

Two-dimensional automatic positioning failed when the ini-
tial misalignment was 20 mm or greater in both the x- and
y-directions. Thus, the maximum misalignment distance that
can be detected in this scenario is about half of the Qi primary
coil diameter. A 2-D misalignment that is equal in both the z-
and y-directions represents the worst-case scenario for the four-
sensing-coil configuration, since this type of motion allows for
the least movement before all of the sensing coils go outside of
the area above the primary coil.
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VIlI. CONCLUSION

The use of dedicated misalignment-sensing coils for lateral
misalignment detection in IPT systems was analyzed and tested
in this paper. The focus was on IPT systems with a circular coil
geometry that produce an axisymmetric magnetic field. The pro-
posed sensing-coil assembly, which consists of four small coils
and rectifier circuits, is attached to the IPT secondary coil and
gives a measurement of the magnetic flux density differences in
two orthogonal directions of the secondary coil. Differences in
the sensing-coil voltages indicate a misalignment.

When tested on a Qi wireless charger and experimental
2-D positioning system, the proposed sensing coils gave a
misalignment-sensing resolution better than 1 mm. The exper-
imental results also suggest that the maximum misalignment
amount that can be detected is near one primary-coil diame-
ter. The nonlinear sensing-coil voltage output is easily used to
detect the misalignment direction, but it is more difficult to de-
termine the misalignment magnitude. Nevertheless, the sensing
coil signals were successfully incorporated for the closed-loop
proportional control of the experimental IPT system to reduce
lateral misalignments to less than 1.4 mm, allowing for effective
power transmission.

The misalignment-sensing coils presented in this paper pro-
vide a contactless and nonintrusive way to detect lateral mis-
alignments in a commercial wireless charging IPT system. This
lateral misalignment detection and correction method is promis-
ing to increase the effectiveness of similar IPT systems that may
also be vulnerable to lateral misalignments, such as those used
in electric-vehicle wireless charging.
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