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Research on Grid Positioning Strategy of Coupling
Mechanism in Wireless Charging System With

Offset Angle Variable
Linlin Tan , Member, IEEE, Yongfeng Yu, Jiaqi Wang, Ruoyin Wang , and Chengyun Li

Abstract—The precise positioning of receiving and transmitting
coils of the wireless power transmission system is the precondition
for its efficient operation, and it is necessary and indispensable in
practice. The novel grid positioning model and algorithm of four
pick-up coils with angles is established by adding the deflection
angle of the receiving coil. The corresponding relationship between
space magnetic field and pickup coil voltage is analyzed, and the
method of magnetic field reconstruction is studied in this article.
Then, considering the sampling workload and effectiveness of
pick-up coil voltages at grid point, the pick-up coil voltages were
reconstructed and expanded based on variable slope interpartition
sampling and Kriging interpolation, to increase the positioning
database. It is found that the positioning accuracy of receiving coil
can be improved with the grid sampling interval density increasing,
or by using variable slope sampling while the number of grid
sampling is unchanged. Under the grid sampling interval of 2.5 cm,
the average positioning error of the system is less than 1 cm in this
article, and the experimental results are basically consistent with
the theoretical results, and the validity of the proposed approach is
verified.

Index Terms—Coil positioning, grid positioning model and
algorithm, variable slope sampling, wireless charging system.

I. INTRODUCTION

W IRELESS power transmission (WPT) technology for
electric vehicles (EVs) has the characteristics of flex-

ibility, convenience, and efficiency [1], [7], [8], [9]. In addition
to the main power circuits such as power conversion device, cou-
pling mechanism coils, and compensation network, the reliable
and safe operation of EV WPT system also requires relevant
auxiliary technical support, such as foreign object detection
technology and alignment guidance technology.

Currently, in the relevant standards of EV WPT, the Society
of Automotive Engineers (SAE) standard SAEJ2954 and the
Chinese standard GB/T 38775.1 have detailed provisions on the
acceptable offset of the receiving and transmitting coils [2]. For
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Fig. 1. Wireless charging offset of electric vehicles.

example, GB/T 38775.1 requires that the center alignment of the
receiving and transmitting coils should be taken as (see Fig. 1):
in the X-axis direction, the displacement is required to be within
the range of ±75 mm, which is required to be within the range
of ±100 mm in the Y-axis direction, that can be ensure that the
efficiency of the electric vehicle charging system is not less than
80%. But research shows that the average coil misalignment ex-
ceeds 70 cm [3] if the driver lacks auxiliary equipment, which is
much higher than the limit of coil antioffset of standards. Without
any information feedback of the positioning assistance system
for parking correction, it is difficult to complete such a fine
position docking by artificial intuition [4], [5], [6]. Therefore, it
is very important and necessary to accurately obtain the position
relationship between the receiving and transmitting coils, and
provide feedback for the driver or the positioning assistance
system to achieve effective parking.

The research on positioning technology of wireless charging
system mainly focuses on two types of technical directions.
The first is performed by attaching optical sensors, ultrasonic
sensors, RFID, magnetic sensors and other devices, and po-
sitioning through machine vision and triangulation and other
algorithms. The method sometimes is vulnerable to interference
from the external environment, such as rain, snow, sand, and
dust, the reliability of positioning needs to be improved [7],
[8], [9], [10], [11], [12], [13], [14]. The other is to use the
electromagnetic characteristics of the WPT system itself to
locate the position [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], by studying the influence of
the offset on the parameters of the receiving and transmitting
coils or the change of the space magnetic field. The advantages
of this method are simple, effective, practical, and low cost.
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It is one of the current mainstream orientation directions. For
example, through the impact of the position offset of the trans-
mitting and receiving coils on the voltage and current phase
of the transmitting inverter, a database of impact relationship
is built. With four small pick-up coils, direction identification is
assisted to achieve high-precision positioning, and the maximum
positioning error within 5 cm [15]. The Texas A&M research
group proposed a method to estimate the offset in each direction
using the differential voltage of two pairs of detection coils.
Combined with the closed-loop control, the alignment of the
transmitting, and the receiving coils is realized. This processing
method bypassed the calculation of the position coordinates
on the receiving coil, and achieved the coil alignment by the
negative feedback closed-loop control [16], [17].

In the research of positioning based on the electromagnetic
characteristics of the system itself, high-precision positioning
can also be achieved by installing a certain number of pickup
coils. Literature [18], four pick-up coils with symmetric arrange-
ment were used, and the localization space was divided into
multiple grids. At each grid point, the induction values of four
pickup coils without angle offset are collected simultaneously.
A group of voltage matrices are constructed at each grid point.
Then, the position of the receiving coil can be obtained by using
the table lookup method. Combined with the position correction
algorithm, the two degrees of freedom precise positioning of X
and Y coordinates in the plane is realized. An accurate circuit
model for the coupling of four detection coils to the power
coil was constructed in the literature [19], with a positioning
accuracy of 1 cm. Triple-coil-structure-based coil positioning
system were also studied, and the coil positioning with error
was less than 1.5 cm [20].

In addition, researchers have also conducted lots of research
[21], [22], [23] on the layout scheme and shape of the pickup
coils, and some researchers have also designed relay coils, new
types of coils, so as to achieve higher accuracy of electromag-
netic positioning [24], [25], [26], which laying a technical foun-
dation for positioning using the electromagnetic characteristics
of the wireless charging system.

Considering the practical situation of electric vehicle park-
ing, there may be external deflection in X and Y directions
during parking. The method constructed in literature [18] is
no longer applicable. The positioning algorithm is easy to fail,
and the positioning error will be large or uncontrollable while
the transmitting and receiving coils are deflected, Because of
the randomness of the deflection angles of the transmitting and
receiving coils, we cannot measure all the possible values of
the pickup coil’ voltages at the same grid point, therefore, the
construction of the pickup coil voltage database can no longer be
done in groups. The voltage database of pick-up coil should be to
build separately at each grid point, and the positioning algorithm
also needs to be redesigned. Sometimes, in the symmetrical
space magnetic field, the results of the existing positioning
algorithm of four pick-up coil is not unique if angular deflection
occurs, and the reason will be discussed in the following.

In summary, a high-precision positioning algorithm for four
pickup coils with deflection angle is redesigned, and the so-
lution method and positioning constraint equation with angle

Fig. 2. Planar magnetic field distribution of the transmitting coil (x = 0,
−330<y<300, 0<z<150, unit: mm, simulation parameters: the size of the
square planar spiral coil is 300 mm, the inner diameter is 160 mm, the number
of turns is 10, and the excitation current is 10 A.

information is established. Compared with the existing four coil
positioning strategy [18], [19], it will bring cost increase of
the positioning system, although cost increased, but increase
is limited after all. The gyroscope modular is selected in this
article only a few dollars. It is necessary to obtain angle in
practice, which will bring more friendly positioning effect and
more practicality. Meanwhile, this article avoids the complex
secondary correction calculation of the location coordinates of
the receiving coil, and uses the interpolation method to expand
the location grid. It simplifies the complexity of the algorithm
and makes the implementation more efficient, the differences
between the methods described in this article and the existing
algorithms was shown in Table I.

II. MAGNETIC FIELD ANALYSIS OF UNIPOLAR COIL AND

PRINCIPLE OF DISCRETIZED COIL POSITIONING

In order to ensure charging efficiently, the receiving and
transmitting coils positioning of the electric vehicle needs to
be completed before charging. During the positioning process,
the inverter of the wireless charging system can be adjusted
to generate a stable current for the transmitting coil, so as to
stimulate a stable magnetic field. Normally, the receiving coil
is disconnected during the positioning process, only the pickup
coils works. After the positioning is completed, the pickup coils
system will no longer work.

Take a square planar spiral coil as an example, which produces
a unipolar distributed magnetic field (except at the edges) under
the excitation of certain stable high frequency current (see
Fig. 2). The spatial magnetic field is basically symmetrical, and
the magnetic field intensity at the center reaches a maximum.
It is obvious that the magnetic flux density at each (x, y) coor-
dinate and the same height under a constant current excitation
is constant. This is also effectively illustrated by Fig. 2, which
gives the magnetic field distribution of a rectangular coil for a
certain parameter.

A. Discrete Pickup Coil Positioning Principle and Algorithm

Neglecting the effect of intercoil capacitance, for an N-turn
spiral coil, the z-axis component of the magnetic flux density at
any point in space under the excitation of the current I can be
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TABLE I
COMPARISON OF POSITIONING MODELS

Fig. 3. Decomposition of the spatial magnetic field of the energized coil.

approximated as

Ḃzp =
N∑
i=1

Bzi. (1)

In (1), Bzi is the z-axis component of the magnetic induction
intensity of a single-turn coil at a point. As shown in Fig. 3,
when the receiving coil loop of wireless charging system is
disconnected, the transmitting coil generates a relatively stable
magnetic field in space.

The pickup coils installed in the receiving coil is generally
parallel to the receiving coil plane, and the cross-sectional area
is much smaller than the transmitting and receiving coils’, which
can be considered as a tiny surface element, so the pickup coil
can be considered to pass only the magnetic lines of force in the
z-axis direction. It is worth noting that when the receiving coil
installed with the pickup coil is located at different positions
above the transmitting coil, it will theoretically have a certain
impact on the magnetic field of the transmitting coil. If only a
fixed plane with z = Z0 is considered, this impact will not affect
the monopolar distribution characteristics of the magnetic field
somewhere. There is the correspondence between the pickup
coils above the magnetic field and its spatial position, assuming
that the pickup coil induced voltage is Udi, then according to the
law of electromagnetic induction, it can be obtained

U̇di = Nd
dφdi

dt
= Nd

d

dt

Np∑
j = 1

∫∫
Ωi

Ḃzpdxdy
{
Ωi|(x− xdi)

2

+ (y − ydi)
2 ≤ rd, z = zdi

}
. (2)

Fig. 4. Specific deflection of coil symmetrical magnetic field.

In (2), Ω is the surface element area of the position pickup
coil itself that allows the passage of magnetic flux, Nd is the
number of turns of the pickup coil, Np is the number of turns
of the transmitting coil, and (xdi, ydi) is the coordinate of the
center point of the pickup coil. From (2), it can be seen that
when the excitation current of the transmitting coil is constant,
the voltage induced by the position pickup coil at each position
in the xyZ0 plane will correspond to its position coordinates
(xdi, ydi). If we create a database of the pickup coil induction
voltage and its possible position coordinates under a constant
magnetic field generated by a certain transmitting coil, then in
the actual positioning, the measured induction voltage is used
to find the possible position coordinates in the database, and
if the position coordinates mathematically satisfy the realistic
constraint relationship, then the coordinates of each pickup coil
will be found, and then the position information of the receiving
coil can be obtained, which is the theoretical basis of pickup
coil positioning. When using pick-up coils for positioning, a
minimum of three should be arranged. While increasing the
number of pickup coils can improve the accuracy, it also requires
more complex solution algorithms.

The positioning scheme based on four pickup coils is shown in
Fig. 4, the circular dotted line is the contour of the magnetic field
intensity generated by the transmitting coil in the Z0 plane, and
the dotted lines with different radii represent different magnetic
fields value. In the case of deflection, it is not difficult to find
that the induced voltage on the four pickup coils is the same
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before and after the angle deflection of the receiving coil occurs
in space. Therefore, it is very difficult to analyze the deflection
angle from using the method of looking up the corresponding
relationship database of the induced voltage and position. Be-
cause the solution of the positioning equation is not unique, and
the positioning algorithm of the coil will become invalid at this
time. To solve this problem, this article obtains the deflection
angle between the receiving and transmitting coils through the
gyroscope. The installation of the gyroscope and the detection
coil is shown in Fig. 4.

The gyroscope direction is consistent with the secondary coil
axis. The angle is taken as a constant variable to rebuild the
positioning algorithm. Assuming that the distance between the
position pickup coil and the center of the receiving coil (x, y) is
d, and the coordinates of the center point of the receiving coil
are (x, y, Z), and the deflection angle of the receiving coil is
θ0, It is not difficult to obtain the constraint equations with (3).
In (3), (xdi, ydi) is the coordinates of the center point of each
pickup coil, which can be approximated as the coordinates of
the pickup coil due to its small size. In (3), the coordinates (x,
y) of the receiving coil are the variables to be solved, d and θ 0

are known quantities⎧⎪⎪⎨
⎪⎪⎩

xd1 = x+ d sin θ0, yd1 = y + d cos θ0
xd2 = x− d cos θ0, yd2 = y + d sin θ0
xd3 = x− d sin θ0, yd3 = y − d cos θ0
xd4 = x+ d cos θ0, yd4 = y − d sin θ0.

(3)

If we want to accurately solve (3 ), (2) and through magnetic
field calculation, establish the relationship between the induced
voltage value of the pickup coil and its spatial position. However,
the solution of (2) is a nonlinear, multiple integration problem,
which requires a large amount of calculation, and it is difficult
to solve it directly in engineering. Therefore, the distribution of
the space magnetic field of the transmitting coil in (2) on the
z-axis is discretized, and the continuous z-axis magnetic field in
the space area is divided into a set of grid points according to a
certain step size. Furthermore, (2) is rewritten as

Udi = Nd
d

dt

Np∑
j = 1

P∑
q = 1

BziqSq, n = 1, 2, 3, 4. (4)

In (4), Bziq is the z-axis component of the magnetic flux
density at the location of the pickup coil, P is the number of
discrete elements in the cell area, and Sq is the area of discrete
elements. It’s not hard to find the magnetic field at the grid point
corresponds to the induced voltage of the pickup coil one by
one, and the magnitude of the magnetic field at this point maps
to the position coordinate. After gridding, we can set different
number of grid sampling points to collect the voltage value of
the pickup coil and form a database of the pickup coil voltage
position relationship. The specific implementation principle is
shown in Fig. 5. In Fig. 5, the dotted line is the grid point
constructed in this article, and its coordinates have been set and
unique according to the position of the transmitting coil. Suppose
that the induced voltage values of the four pickup coils on the
receiving coil measured are Ud1, Ud2, Ud3, Ud4, respectively,
and the coil deflection angle is θ0.The ergodic method is used

Fig. 5. Schematic diagram of positioning principle.

to solve the coordinates (x, y) of the receiving coil along a
fixed step (generally less than the grid point spacing). Taking
Fig. 5 as an example, when the coordinates (x, y) of the central
point of the receiving coil traverse to the position shown in the
Fig. 5, it is not difficult to calculate the coordinates (xd1, yd1) of
pickup coil through the deflection angle θ0 and (3). According
to this coordinate, the pick-up coil’ position is determined to
be between grid points 1©– 4©. Due to the grid is small enough
in this article, the theoretical voltage Ud1mn of pickup coil 1 is
approximated by the average voltage of grid points 1©– 4©, that
is

Ud1mn (xd1, yd1) ≈ 1

4
[U (x1, y1) + U (x2, y2)

+ U (x3, y3) + U (x4, y4)] . (5)

If the position of pickup coil happens to be on a grid point,
then the theoretical value of the induced voltage of the pickup
coil is the same as the sampling voltage at the grid point. If it is
on the grid line, the average value is calculated according to the
voltage of the two nearest points on the grid line. In the same
way, the theoretical voltage values of the remaining pickup coils
when the coordinates of the center point of the receiving coil are
(x, y) can be obtained, respectively, and the theoretical voltage
value matrix of the pickup coil at the current grid point can be
constructed

u (xm, yn, θ) =

⎡
⎢⎢⎣
ud1mn (xd1, yd1)
ud2mn (xd2, yd2)
ud3mn (xd3, yd3)
ud4mn (xd4, yd4)

⎤
⎥⎥⎦ . (6)

Use the actual measured value of the pickup coil here to
calculate the position error function ε

ε = ‖u− u (xm, yn) ‖ =
4∑

i=1

|udi − udimn| . (7)

When the coordinates (x, y) of the center point of the receiving
coil completely traverse all grid points, and find out the position
error function ε. The smallest point is the position coordinate
of the receiving coil, and the gyroscope display is the angular
offset of transmitter and receiver coils

However, in the abovementioned positioning method, the
positioning accuracy depends very much on the density of the
grid points. The denser the grid points built before positioning,
the higher positioning accuracy.
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B. Gridded Equivalent Magnetic Field Distribution
Acquisition and Grid Point Setting

In order to obtain higher positioning accuracy, in [18], the
coordinates (x, y) of the central point of the receiving coil
were initially located by the calendar method and table lookup
method. Then through the position relationship between the
center point and grid coordinates, the center point coordinate is
modified by different weight factor of the grid position. In this
article, the interpolation method is used to increase the construc-
tion density of grid points to improve the positioning accuracy.
In fact, the induced voltage measurement of the pickup coil at the
grid point of the electric vehicle WPT system can be completed
with high-precision test bench before leaving the factory, and the
test step can reach millimeter level. During the test, a constant
excitation current is applied to the transmitting coil. Within the
moving range, the grid step is set to keep the distance between
the z-axis of the receiving and transmitting coils unchanged.
The induced voltage of the pickup coil at each grid point is
measured in turn, and the position coordinates and the induced
voltage value at that point are recorded. For more accurate data,
the influencing factors of the electric vehicle chassis (such as
adding auxiliary steel plates and equivalent shielding materials)
can be introduced during the test to obtain more practical data.

As an example, if a 10 × 10 gridded point measurement is
taken, 100 measurements are needed to fully obtain the data of
each grid point, and when the grid density increases to 30× 30,
900 precise measurements are needed, which shows that the data
collection workload increases geometrically. Obviously, if the
grid density is too small, it is not realistic to actually measure.

For any grid point position (xi, yi), the magnetic field Bzi

is stable, and the induced voltage of the pickup coil under
this stable magnetic field is also a stable value. Therefore, the
induced voltage value at the grid point can be converted by a
fixed coefficient to characterize the magnetic field, as shown in{

(xi, yi)→ Bzi (xi, yi)→← U (xi, yi)
U (xi, yi) = αBzi (xi, yi) .

(8)

In actuality, if the pickup coil happens to locate between
any two discrete points, the pickup coil induced voltage may
vary due to small changes in the magnetic field. Considering
that the changes in the magnetic field between any two points
has continuity, the change of the magnitude of the pickup coil
induced voltage should also have the same change law. The
magnetic field between the actual grid measurement points can
be mathematically further constructed and improved by using
mathematical interpolation methods. Those mathematical inter-
polation methods can also be applied to reconstrue the measured
voltage between grid points, which is to expand the density of
grid points and improve the positioning accuracy.

III. ANALYSIS OF MAGNETIC FIELD RECONSTRUCTION

METHOD OF WIRELESS CHARGING COIL

The main purpose of this section is to recover the magnetic
field distribution in space from a small amount of known discrete
point data, and thus, to extend the data between actual grid points

A. Interpolation Method Selection

In this article, linear interpolation, cubic spline function in-
terpolation, and Kriging interpolation are analyzed in order
to select a suitable interpolation algorithm for magnetic field
reconstruction.

Linear interpolation uses a linear function as an interpolation
function, which is stable, simple to compute. Suppose two points
(x1, y1), (x2, y2) are known, and the curve of other point
functions between these two points is

y =
y2 − y1
x2 − x1

x+
x2y1 − x1y2
x2 − x1

. (9)

The interpolation function is a straight line and this method
is simple in principle and has a good interpolation effect for
distribution curves with linear rate of change characteristics.

The triple spline function interpolation has excellent numer-
ical stability and curve smoothness, which is widely used.

If a =x0 <x1<· · ·<xn-1< xn= b on a given interval [a, b],
and the function p(x) satisfies in each small interval [xi − 1, xi]
is third-order polynomial and p(x) has second-order continuous
derivative on the interval, the spline function is a segmented
smooth function with certain smoothness at the connection of
each segment. Set the cubic spline function

pi (x) = Ai x
3 +Bix

2 + Cix+Di. (10)

By the definition of interpolation, then there is

⎧⎨
⎩
p (xi) = yi , p (xi − 0) = p (xi + 0)
p′ (xi − 0) = p′ (xi + 0) , p′′ (xi − 0) = p′′ (xi + 0)
p′ (x0) = f ′ (x0) , p

′ (xn) = f ′ (xn) .

(11)

According to (11), the coefficients of the corresponding in-
terpolation function are obtained, i.e., the interpolation of the
three times spline function is completed. Since the interpolation
function is cubic, which basically matches with the distribution
characteristics of the magnetic field.

Kriging interpolation is a commonly used method in the field
of geomagnetic field estimation [29], [30], [31]. Set the estimate
at a point in space (x0, y0) to be ẑ0

ẑ0 =

n∑
i=1

λizi. (12)

Here, λi is the weight coefficient. It estimates the value of
unknown points by using the weighted sum of the data of all
known points in space. In the usual case, it is assumed that the
properties of the points in the space are average, which means
that the average expectation of each point on the space is set to
be the same as a constant μ and the variance is set to be σ2.

According to the unbiased estimation condition, we can fur-
ther obtain

E (ẑ0 − z0) = E (ẑ0)− E (z0) = 0. (13)
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TABLE II
SIMULAYION PARAMETER TABLE

Fig. 6. Original magnetic field distribution map.

Based on the abovementioned assumptions, there are two
constraints: the first constraint is

E

(
n∑

i = 1

λizi

)
− μ = μ

n∑
i = 1

λi − μ = 0→
n∑

i = 1

λi = 1.

(14)
The second constraint is to find a set λ such that make σ2

minimizes

σ2 = S2 (ẑ0 − z0) = S2

(
n∑

i = 1

λizi

)

+ S2 (z0)− 2cov

(
n∑

i = 1

λizi, z0

)
. (15)

The solution process and method of Kriging interpolation are
well established and, therefore, will not be discussed here.

In this article, taking the square planar spiral coil as an
example (The simulation parameters are shown in Table II.),
the advantages and disadvantages of the abovementioned three
interpolation methods are compared and analyzed.

The magnetic induction intensity distribution induced at a
height of 15 cm from the transmitting coil, and the research area
of the this coil magnetic field is – 300 mm < x < 300 mm,
−300 mm < y < 300 mm, z = 150 mm. The magnetic field
distribution obtained by the finite element simulation software
is shown in Fig. 6.

In this article, 6 cm steps are used to simulate the actual
gridded measurement steps to extract the magnetic field of this
coil, and the extraction results are shown in Fig. 7. Obviously,
the magnetic field extracted according to the 6 cm step has some

Fig. 7. Magnetic field data sampled in 6cm steps.

distortion, and need to build and restore. On the basis of Fig. 7,
linear interpolation, cubic spline interpolation and Kriging inter-
polation methods are used to construct recovery of the simulated
gridded sampled magnetic field divisions, respectively, and the
grid interval of the three differentt interpolation methods is set
to 1 cm.

For more visual comparison, the magnetic field data on the
−300 mm < x < 300 mm, y = 0, and z = 150 mm axes were
taken for comparison, and the magnetic field data curves at this
location, as well as the local enlargements at its top and bottom,
are shown in Fig. 8.

It can be seen that linear interpolation, cubic spline inter-
polation and kriging interpolation can all recover the original
distribution of the magnetic field to some extent well from the
overall view. In the green region of Fig. 8(a)(−120 mm < x
< 60 mm and 60 mm < x < 120 mm), the magnetic field
variation is relatively linear and all three interpolation methods
fit the magnetic field distribution well. In the yellow region, there
is a large gap among the three fitting methods, and the most
intuitive factor is the faster change in the slope of the magnetic
field in this region. The local curves of the yellow region are
enlarged, respectively, as shown in Fig. 8(b) and (c), and there
are obvious differences in the reconstruction performance. It
is obvious that in the region where the slope of the magnetic
field changes rapidly, the cubic spline interpolation and Kriging
interpolation can better reflect the distribution characteristics of
the magnetic field, while the distortion of linear interpolation is
larger.

To quantitatively evaluate the interpolation effect of various
interpolation methods, the average error of interpolation, the
root mean square of interpolation error, and the variance of
interpolation error are introduced⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ME =
n∑

i=1

|zi − ẑi| /n

ERMS =
√∑n

I=1 (zi − ẑi)
2/n

E S2 =
n∑

i=1

(zi − ẑi)
2/n.

(16)
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Fig. 8. (a) Coil magnetic field curve on −300 mm<x<300 mm, y = 0,
z = 150 mm axis. (b) Coil magnetic field curve on −300 mm<x<160 mm,
y= 0, z= 150 mm axis. (c) Coil magnetic field curve on−100 mm<x<100 mm,
y = 0, z = 150 mm axis.

The error results of the three interpolation methods are shown
in Table III. It can be seen that the Kriging interpolation method
works best in the reconstructed reduction of the magnetic field,
so kriging interpolation is used as the interpolation algorithm
for magnetic field reconstruction in this article.

B. Selection and Optimization of Sampling Points

Actually, the interpolation effect of the algorithm is highly
dependent on the grid division step, which means that the denser

TABLE III
COMPARISON OF THREE INTERPOLATION METHODS

Fig. 9. Effect of different magnetic field sampling intervals on reconstruction
accuracy.

the grid sampling points are, the more accurate the interpolation
result will be and the better the magnetic field recovery will be.

Taking the magnetic field distribution of the model shown in
Table II as an example, the magnetic fields were resampled at in-
tervals of 3 cm, 4 cm, 6 cm, 8 cm, 10 cm, and 12 cm, respectively.
Kriging interpolation was used to reconstruct the magnetic field,
and the interpolation error was calculated according to (16). In
Fig. 9, the root-mean-square error of the reconstruction results
is the best when the sampling interval is small. Therefore, if
conditions permit, the sampling interval should be reduced as
much as possible.

Compared to the original magnetic field, the results of the
reconstructed magnetic field though the Kriging interpolation
also have a large error with the sampling interval is 12 cm, as
shown in Fig. 10.

Therefore, in practice, it is defective to use an equal fraction of
magnetic field for gridded data acquisition. The overall magnetic
field interpolation can be effectively improved by increasing
the sampling density in the region with large magnetic field
variability. In this article, the second-order rate of change of
the sampled magnetic field is used as the evaluation index. It is
defined that when the second-order rate of change of the fitted
magnetic field is between −0.005 and 0.005, it is the region of
small magnetic field rate of change, and the other regions are
the regions of large magnetic field rate of change. Of course,
the threshold setting of the second order rate of change can
also be determined according to the actual positioning accuracy
requirements.
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Fig. 10. Results of the reconstructed magnetic field compared with the simu-
lated magnetic field with a sampling interval of 12 cm.

Since the induced voltage of the pickup coil is in one-to-
one correspondence with the z-axis magnetic flux density, the
method of converting the magnetic field reconstruction into the
reconstruction of the induced voltage can be more effectively
applied to coil positioning.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

A. Simulation Verification

The coil size model used in the simulation refers to the WPT2-
Z2 structure in the SAE J2954 standard, with an excitation
current of 10 A, and frequency of 85 kHz. The gyroscope is
mounted at the center of the secondary coil, the pickup coil is
mounted at the center of the four sides of the receiving coil, and
the distance d between the pickup coils mounted on opposite
sides is 16 cm. The simulation flow chart is shown in Fig. 11.

1) The finite element method is used to calculate the above-
mentioned model. Taking z as 15 cm, Bz of magnetic flux
density in the range of 60 cm × 60 cm in XY plane is
calculated. Since the magnetic flux density is reflected by
the pickup coil induced voltage, the magnetic induction
strength data is multiplied by a fixed factor to obtain the
pickup coil induced voltage Udi under the corresponding
magnetic field, which is used to simulate as the actual
pickup coil voltage.

2) Simulates the measurement process of the pickup coil
voltage at the actual grid. The voltage in the plane of the
transmitting coil is sampled in a grid with a valid interval
of 3 cm, and a total of 441 data points are sampled. The
sampled voltage values are subsequently reconstructed
and expanded using the Kriging interpolation. The recon-
structed data step is set to 1 cm, the reconstructed data
points are increased to 3721, and the minimum spacing
between grid points is 1 cm.

3) Calculates the position coordinates in MATLAB. Consid-
ering the actual possible error, a certain random error is
set for the angle data to improve the authenticity and ap-
plicability of the simulation. And the parking deviation of
electric vehicles generally does not exceed 30° in practice,

Fig. 11. MATLAB simulation program flow chart.

TABLE IV
SIMULATION RESULT DATA

the value of θ0 is set at−30°∼30°. Though the positioning
algorithm model described in this article, the simulation
results are shown in Table IV.

In order to evaluate the effectiveness of localization, we
introduce positioning error to evaluate the positioning results.
Suppose (xa, ya) is the actual coordinate and (xp, yp) is the
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Fig. 12. Wireless charging coil positioning system experimental device and
detection coil.

TABLE V
SIMULATION PARAMETER TABLE

positioning coordinate. Define

Δx = |xa − xp| Δy = |ya − yp| e =
√

Δx2 +Δy2. (17)

It is not difficult to see that the maximum error of positioning
with raw data is 2.9 cm, and the average error is 1.8 cm when the
angle deflection between the receiving and transmitting coils is
within 30° and the sampling interval is 3 cm. After reconstruction
and expansion of the sampled voltage value, the maximum
positioning error is reduced to 1 cm, and the average error is
reduced to 0.72 cm, which effectively verifies the effectiveness
of the method in this article.

B. Experimental Verification

WPT platform with LCC-S topology compensation is built
for verification (as shown in Fig. 12). However, since no power
is transmitted during the positioning process, this positioning
method can also be applied to other topology compensation.
Parameters of system are shown in Table V. In fact, LCC topol-
ogy is adopted at the transmitting coil to ensure constant current
characteristics, which is widely used. The pickup coils and it is
processing circuit are shown in Fig. 13(a). During positioning,
the receiving coil is disconnected. The current of the transmitting
coil is stabilized at 10 A and the frequency at 85 kHz square wave
by adjusting the system input [as shown in Fig. 13(b)].

At the beginning of the experiment, in order to verify the
influence of the deflection angle of the receiving coil on the
point where the same pickup coil is located within the allow-
able deviation range, we take the actual receiving coil with
four pick-up coils to sample and measure. The position of one

Fig. 13. Pickup coil circuit and experiment parameters waveform. (a) Pickup
coil circuit. (b) Experiment waveform.

TABLE VI
RESULTS OF EXPERIMENTS WITH SAMPLING INTERVAL OF 5 CM

pickup-coil is fixed and the receiving coil is rotated for voltage
acquisition. The experimental waveform is shown in Fig. 14.
It can be seen that the induced voltage at the fixed sampling
grid will change when the deflection angle changes, however,
within the allowable deviation range of electric vehicles, the
impact is not obvious. Ignore or average value at different angles
can be used for sampling. In the experiment, the grid point
induction voltage data sampling is performed at the beginning.
The sampling interval is set to 5 cm, and the sampling range of
the grid point of the transmitting coil is −30 cm ≤ x ≤ 30 cm,
−20 cm ≤ y ≤ 20 cm. Due to the symmetry of the transmitting
coil, the magnetic field area of the transmitting coil is divided
into four quadrants, the number of voltage sampling points is 35,
as shown in Fig. 15(a), and the values of the remaining quadrants
are complemented by mirror symmetry. The sampled pickup
coil voltage values are reconstructed by Kriging interpolation as
described in the article with 1 cm reconstruction step to obtain
the constructed voltage distribution, as shown in Fig. 15(b).

With an angular offset of 0–30° in the y-axis of the offset
test plane as a constraint, ten positions, and directions are ran-
domly selected for the positioning experiments. The positioning
experimental results are shown in Table VI. It shows that when
the sampling interval is set to 5 cm, the maximum positioning
error of 10 randomly selected experiments is 5.5 cm is large
than expected error. In this experiment the average positioning
error is 2.4 cm. Main reasons for error is that the receiving coil
has a certain influence on the voltage of the pickup coil, and the
gyroscope also has errors in angle measurement.
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Fig. 14. Pick-up coil voltage with different receiving coils’ angle. (a) Wave-
form of deflection effect on Pick-up coil voltage at a fixed point. (b) Pick-up coil
voltage with different deflection angle at different position.

Fig. 15. Grid sampling partition and voltage results reconstructed in the
experiment. (a) Grid sampling partition. (b) Voltage results reconstructed.

Fig. 16. Sampling points in the sampling interval before and after optimization
(grid point coordinates are reset to x = 0 cm, x = 2.5 cm, x = 5 cm, x = 10 cm,
x = 15 cm, x = 22.5 cm, x = 30 cm, y = 0 cm, y = 2.5 cm, y = 5 cm,
y = 12.5 cm, y = 20 cm).

Fig. 17. Experimental results of the optimized sampling method.

Here, the maximum error in angle measurement is about 3°and
the average error is less than 1° from Fig. 14(b), but these errors
are hard to be avoided.

In the second experiment, the reconstruction accuracy of
induced voltage is improved by optimizing the sampling interval.
There are still 35 grid sampling points in the first quadrant, but
the distance between the sampling points is adjusted according
to the distribution characteristics of the magnetic field change
rate and the grid point spacing is adjusted, as shown in Fig. 16.
The principle of adjustment is to set more sampling points in the
region with high magnetic field variation rate and less sampling
points in other regions.

Then, the collected voltage of grid point is also reconstructed
according to the 1 cm grid spacing, and the results of the
repositioning experiment are shown in Fig. 17. The starting
point of the arrow indicates the X,Y position, and the direction
of the arrow depicts the deflection angle of the transmitting
and the receiving coil in Fig. 17. Compared with Table VI, the
maximum positioning error is less than 3.4 cm with the same
number of sampling points, and the average positioning error
is small to 2.1 cm. It shows that the method of variable slope
interval sampling is feasible. Finally, in the equally spaced grid
sampling, we shortened the grid interval from the original 5 cm
to 2.5 cm, i.e., 117 sampling points are sampled in the first
quadrant. The step size after reconstruction is still 1 cm. At
the same location, 10 positioning comparison experiments are
conducted again, and the positioning experiment result is shown
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Fig. 18. Results of optimization experiments with 2.5 cm sampling interval.

Fig. 19. Error comparison of the three experiments.

in Fig. 18. It is not difficult to find that the maximum positioning
error is increased from 5.5 cm to 1.02 cm, and the average
positioning error is reduced to 0.61 cm. The error comparison
of the three experiments is shown in Fig. 19.

The experimental results show that the abovementioned two
measures are helpful to reduce the positioning error. It is not
difficult to find that reducing the grid point sampling interval
is more effective in improving the positioning accuracy, and
the sampling optimization method with variable slope can also
further improve the positioning accuracy while keeping the
number of sampling points unchanged. Sometimes, those two
methods can be combined in practice.

V. CONCLUSION

In this article, the reason of the positioning failure of the
existing localization algorithm is analyzed when the coil angle
rotates under the symmetrical magnetic field, and the positioning
constraint equation for coils with angle is established. On this
basis, a gridded positioning strategy of the coupling mechanism
of the WPT system with offset angle variable is proposed. The
secondary coordinates of the positioning results is no longer
corrected in this article, but the Kriging interpolation method is
used to reconstruct pick-up coil voltages, and the positioning
accuracy is effectively improved by reconstructing the grid

sampling point voltage distribution. Two methods are designed
and verified, respectively, to improve the positioning accuracy.

In the implementation process of this article, according to
the experimental analysis, the influence of the rotation of the
receiving coil on the pickup-coil voltage at the sampling point
is ignored, which has certain limitations and is the main reason
for the positioning error. Also, the research did not consider the
possible variations in the Z-axis direction of the receiving and
transmitting coils, although the distance between the transmit-
ting coil and the receiving coil of the electric vehicle varies little
in practice, there is still the possibility of change. Therefore,
further research around the abovementioned areas will continue
to follow in order to improve the generality of this positioning
method.
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