
Article

Research on Coil Identification Algorithm of Wireless Power
Transfer System Based on Magnetic Field Features

Feng Wen 1,* , Chen Han 1, Qiang Li 1, Zhoujian Chu 2, Wenhan Zhao 2, Shuqi Wu 1, Xiang Zhang 1

and Wenjie Pei 1

����������
�������

Citation: Wen, F.; Han, C.; Li, Q.;

Chu, Z.; Zhao, W.; Wu, S.; Zhang, X.;

Pei, W. Research on Coil

Identification Algorithm of Wireless

Power Transfer System Based on

Magnetic Field Features. World Electr.

Veh. J. 2021, 12, 140. https://

doi.org/10.3390/wevj12030140

Academic Editors: Hiroshi Fujimoto,

Kenji Morita and Joeri Van Mierlo

Received: 1 August 2021

Accepted: 30 August 2021

Published: 1 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Automation, Nanjing University of Science and Technology, Nanjing 210094, China;
hc_njust2014@njust.edu.cn (C.H.); chnliqiang@njust.edu.cn (Q.L.); 119110010984@njust.edu.cn (S.W.);
120110023124@njust.edu.cn (X.Z.); 119110033240@njust.edu.cn (W.P.)

2 Maintenance Branch Company, State Grid Jiangsu Electric Power Co., Ltd., Nanjing 211102, China;
15951083235@163.com (Z.C.); zhaowen_han@126.com (W.Z.)

* Correspondence: wen@njust.edu.cn; Tel.: +86-159-9620-0950

Abstract: In the practical application of wireless power transfer (WPT), the identification of the
secondary coil and the analysis of the space magnetic field of the coil will affect the matching
scheme of the coil, which will further affect the performance of energy transmission. At present,
the establishment of the coil space magnetic field model mainly adopts the finite element method
(FEM). The accuracy of the results is limited by the computer performance and the specific settings
during calculation, which usually takes a long time. Additionally, it can only analyze and establish
the space magnetic field of the coil with specific parameters. Especially when the coil structure and
parameters change, it is difficult to quickly establish the spatial magnetic field. This paper presents
a secondary side coil identification method of a wireless charging system based on the magnetic
field cloud image characteristics. The image feature extraction algorithm is used to extract features
of a certain height magnetic field cloud image of an unknown structure type coil obtained by FEM.
Further, by matching with the characteristics of the magnetic field cloud image of the known coil, the
identification of the unknown coil structure type is realized. The effectiveness and accuracy of the
proposed method is verified by an example. This algorithm is helpful to extract the characteristics
of the coil space magnetic field, and can establish coil space magnetic field models with different
structure types and different coil parameters combined with deep learning to guide the matching
scheme of the primary and secondary coils, and realize efficient energy transmission.

Keywords: wireless power transfer (WPT); coil matching; image identification; contour feature;
magnetic field cloud

1. Introduction

Wireless power transfer (WPT) technology has been rapidly developed in recent
years as a flexible and convenient new charging method. It is a transmission mode that
transfers electric energy from the power source to the power consumer by means of
an invisible soft medium in space (such as electric field, magnetic field, sound wave,
etc.). Among the current WPT methods, the most theoretical research and the faster
application process is mainly the magnetic coupling wireless power method [1]. The
current research on magnetic coupling WPT in the industry mainly focuses on system
transmission characteristics, coupling mechanism design, electromagnetic shielding, and
foreign body detection, etc. [2–5]. In the design of the coupling mechanism, various designs
such as circular coils, square coils, spiral coils, DD (Double-D type) coils [6], and composite
coils have emerged. Different coils have different magnetic field characteristics. The
electromagnetic shielding, electromagnetic exposure, and electromagnetic environment
of the coils are different. In the evaluation, the finite element method (FEM) is generally
used to check the distribution of the magnetic field cloud map near the coil. Compared
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with the analytic results, the magnetic field cloud images obtained by FEM calculation
are more intuitive and efficient. The characteristics of the magnetic field distribution of
the coil can be found, and the information contained in it is also richer, which is deeply
loved by researchers. However, the current researches are performed on known coils
to obtain a cloud map of magnetic field distribution. The magnetic field cloud map
contains information such as magnetic induction intensity values and magnetic field
distribution rules at different spatial locations. The information contained in the magnetic
field distribution cloud map can be used to obtain more information, such as identifying
unknown coil types and sizes, and using magnetic field distribution to obtain magnetic
field requirements to guide coils design and matching of primary and secondary coils
and other functions. In addition, there are some electromechanical devices that use a
multi-coil network structure that also need to analyze their magnetic field distribution
to assist in improving the control strategy of the system [7]. At present, in the fields of
atmospheric observation and geographic information systems, researchers have realized
weather prediction and geological activity prediction through the analysis of remote sensing
images, but few scholars have adopted the idea of image processing to analyze magnetic
field cloud images.

This paper analyzes the magnetic field cloud images obtained by the FEM and pro-
poses research on the secondary coil recognition algorithm of the wireless charging sys-
tem based on the characteristics of the magnetic field cloud image. The identification
is performed by analyzing the image pixel changes of the cloud image and the contour
characteristics of the isomagnetic induction intensity line. To guide the design of the coil
and the matching mechanism of the primary and secondary sides and even analyze the
dynamic change law of the magnetic field, the first thing is to obtain the characteristics
of the magnetic field near a single coil in a static state to realize the identification of the
coil type. In the future, through deep learning and other methods, we hope to establish a
magnetic field distribution point cloud model library of different coils and different sizes, to
realize the identification of unknown coil type, size, and other parameters, and through this
method, we hope to further study the magnetic field distribution help to guide the design
of the coil and the matching mechanism of the primary and secondary sides. In Section 1,
we mainly introduce the current research situation of coil recognition in the field of wireless
power transmission and proposes a coil recognition algorithm of wireless charging system
based on the characteristics of magnetic field cloud image. In Section 2, the basic algorithm
of image recognition is introduced. In Section 3, based on the cloud image characteristics of
the WPT coil, we designed the secondary coil identification algorithm flow of the wireless
charging system based on the magnetic field cloud image characteristics. In Section 4, we
conducted experiments on the algorithm to verify the feasibility of the algorithm proposed
in this article. According to the proposed algorithm, we can distinguish the coil polarity
through the changes of pixel value of the symmetrical axis along the Y direction of the
unknown coil cloud image, and obtain the unknown coil type by judging the similarity
of the contours from template sets and test sets. In Section 5, we have summarized the
content of the full text and put forward some thoughts on the follow-up work.

2. Principles of Image Recognition Algorithm
2.1. Subsection

Histograms are widely used in many computer vision applications to detect changes
in scenes by marking significant edge and color statistical changes between images. Set a
“label” composed of a histogram with similar features at each point of interest to determine
the point of interest in the image. Histograms such as edges, colors, and angles constitute a
common feature type that can be passed to the target recognition classifier. The histogram
sequence of colors and edges can also be used to identify whether the network video has
been copied.

To put it simply, the histogram is a method of visualizing statistical data, and the
statistical values are organized into a series of implementation-defined bins. The value is



World Electr. Veh. J. 2021, 12, 140 3 of 12

the feature statistics calculated from the data, these data can be such as gradient, direction,
color, or any other features. In any case, the histogram obtains a statistical graph of the
data distribution. Usually, the dimensionality of the histogram is lower than the original
data. If a matrix contains information about an image, it is known that the range of each
number contains 256 values from 0 to 255, so this range can be divided into sub-regions
according to certain rules, such as:

[0, 255] = [0, 15] ∪ [16, 31] ∪ · · · ∪ [240, 255] (1)

range = bin1 ∪ bin2 ∪ · · · ∪ binn=15 (2)

Then count the number of pixels in each bin to obtain the histogram of the image.
The histogram of the image can realize simple analysis and search of image similarity
and can realize image segmentation through back projection. As the image content of the
magnetic field cloud image of the secondary coil in the WPT system is relatively simple, the
color distribution is relatively regular, and the connected area within the same color range
is large, it is more convenient to use the back projection based on histogram to achieve
image segmentation. Common histogram metric matching methods are as follows: N is
the quantization level, H(i) is the pixel value.

• Correlation:

d(H1, H2) =
∑i
(

H1(i)− H1(i)
)(

H2(i)− H2(i)
)√

∑i
(

H1(i)− H1(i)
)2

∑i
(

H2(i)− H2(i)
)2

(3)

Hk =
1
N ∑

j
Hk(J) (4)

• Chi-Square:

d(H1, H2) = ∑
I

(H1(I)− H2(I))2

H1(I)
(5)

• Intersection:

d(H1, H2) = ∑
I

min(H1(I), H2(I)) (6)

• Bhattacharyya distance

d(H1, H2) =

√√√√1− 1√
H1(I)H2(I)N

∑
I

√
H1(I)·H2(I) (7)

2.2. Contour Matching Algorithm

Contour is a good external feature of an image target. This feature is of great signifi-
cance for deeper processing such as image analysis, target recognition, and understanding.
Simply put, an outline is a series of points connected to form a shape, and they have
the same color. Contour discovery is a very useful tool in image object analysis and
object detection.

Based on contour recognition, it is necessary to split the image into channels, find edges,
and convert them into contours (polygon approximation, feature generalization, etc.), and
then perform contour matching (image and image matching, image, and template matching).

Contour matching is mainly used to solve the matching problems between images
with different sizes, positions, rotation angles, and accuracy. Methods include contour
moments, paired geometric histograms, convex hulls and convex defects, level matching
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and so on. Since the content of the magnetic field cloud image of WPT system is simple
and the shape feature is relatively prominent, the contour moment is mainly used as the
feature of shape matching.

The n-th moment of the real function relative to the value c is:

µ′n =
∫ +∞

−∞
(x− c)n f (x)dx (8)

The moments used in contour processing are mainly used in statistics.
The above formula is a one-element case, and it is extended to the two elements where

the picture is located. For an image matrix, after finding the edge and converting the
contour, the value of each value point f (x,y) in the matrix is either 0 (not a contour point),
or 1 (it is the contour point), when f (x,y) is 0, the integral term is also 0, so we do not need
to calculate it. Therefore, only f (x,y) = 1 is meaningful to us n points are contour points.
In the following formula, it is denoted as I(x,y), x,y are the coordinates in the figure, and
point c is extended to binary, which can be regarded as the center point of the contour. The
so-called n-th order central moment obtained is just as shown in the above formula; the
weight of the integral is the nth power of each point on the contour relative to the center
position c.

At this time, we can obtain some statistical laws, such as: contour boundary length
(zero-order moment), mean value in the x/y direction (i.e., centroid, calculated from the
first-order moment), variance (calculated from the second-order central moment), shape
characteristics (Hu moment)

Commonly used moments include space moment, center distance, normalized center
distance, and shape moment, etc.

Spatial moments can only be used to compare contours with the same position, size,
and angle, such as Equation (9):

mp,q =
n

∑
i=1

I(x, y)xpyq (9)

mp,q represents the moment of (p + q) order of the image, and generally calculates all
moments of order 3 (p + q ≤ 3).

Where I(x,y) is the value of the pixel (x, y), generally 1, n is the number of points on
the contour, p and q are the moments in the x and y dimensions, namely m00, m10, m01...m03.

The zero-order moment m00 is a simple accumulation of points on the contour, that is,
how many points are there on the contour.

The first moments m10 and m01 are the accumulation in the x and y directions.
The central moment, xavg and yavg are calculated from the ratio of the first-order

moment and the zero-order moment. It is the coordinate of the center of gravity. The center
moment is the moment obtained from the relative position of x, y, and the center of gravity.
It makes the result and the image relative to x, The position of the y axis has nothing to do
with translation

µp,q =
n

∑
i=1

I(x, y)
(

x− xavg
)p(y− yavg

)q (10)

xavg = m10/m00 (11)

yavg = m01/m00 (12)

The normalized central moment uses the power of m00 to normalize the central
distance, making the result independent of the image size. The formula is as follows:

ηp,q =
µp,q

m(p+q)/2+1
00

(13)
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The Hu invariant moment is a linear combination of the normalized center distance.
It is invariant to scaling, rotation, and mirror mapping, and is suitable for shape matching
of magnetic field cloud images. The formula is as follows:

h1 = η20 + η02

h2 = (η20 − η02)
2 + 4η2

11
h3 = (η30 − 3η12)

2 + (3η21 − η03)
2

h4 = (η30 + η12)
2 + (η21 + η03)

2

h5 = (η30 − 3η12)(η30 + η12)
[
(η30 + η12)

2 − 3(η21 + η03)
]

+(3η21 − η03)(η21 + η03)
[
3(η30 + η12)

2 − (η21 + η03)
2
]

h6 = (η20 − η02)
[
(η30 + η12)

2 − (η21 + η03)
2
]
+ 4η11(η30 + η12)3(η21 + η03)

h7 = (3η21 − η03)(η21 + η03)
[
3(η30 + η12)

2 − (η21 + η03)
2
]

−(η30 − 3η12)(η21 + η03)
[
3(η30 + η12)

2 − (η21 + η03)
2
]

(14)

By calculating and comparing Hu invariant moments, the similarity of the contours
can be obtained. Define the similarity S of the two contours of A and B as

S(A, B) = max
i=1...7

∣∣mA
i −mB

i

∣∣∣∣mA
i

∣∣ (15)

where
mA

i = sign
(

hA
i

)
· log hA

i (16)

mB
i = sign

(
hB

i

)
· log hB

i (17)

and hA
i ,hB

i are the Hu moments of A and B, respectively.

3. Algorithm Design

Analysis of the WPT system coil magnetic field cloud diagram obtained by FEM shows
that the unipolar coil has a single magnetic field direction, while the bipolar coil has two
opposite polarities in the plane perpendicular to the coil, which is reflected in the cloud
diagram, it can be found that two areas of similar size but complementary colors appear
on the symmetry axis along the Y-direction, which can be used as the basis for judging the
polarity of the coil.

As for the magnetic field contours generated by different coils, there are obvious
differences in intuitive perception, and the contour similarity S can be used as a basis for
judging whether the contours of the two coils are similar.

The secondary coil identification algorithm of the wireless charging system based on
the magnetic field cloud image features mainly compares and matches the unknown coil
magnetic field cloud image with the known coil magnetic field cloud image to obtain the
unknown coil type.

The main algorithm flow is as follows:

• In the finite element software, simulate circular, square, DD, and solenoid coils of
different sizes, and the coil size is fixed at 100 mm × 100 mm;

• Choose a square plane with the same size as the coil at a certain height from the coil to
obtain the magnetic field cloud image at that position;

• Pre-process the coil magnetic field cloud image and down sample the image to 1024 ×
1024 size;

• Divide the obtained magnetic field cloud image into a test set and a template set
according to the coil type;
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• Calculate the pixel value of the symmetrical axis along the Y direction of the unknown
coil cloud image, and analyze the change of the pixel value on the axis, compare it
with the template set, and determine whether it is unipolar or bipolar;

• For unknown unipolar coils, the image segmentation algorithm is used to obtain
the contours of different isomagnetic induction intensity lines, and the Hu invariant
moments of the contours are calculated, and compared with the template set, it is
judged whether it is a circular or a square coil;

• For the unknown bipolar coil, the image segmentation algorithm is used to obtain
the contours of the different isomagnetic induction intensity lines, the Hu invariant
moment of the contour is calculated, and the shape template is compared to determine
whether it is a DD coil or a spiral coil.

The following is the processing of the template set:

• Image pre-processing;
• Calculate the histogram of the corresponding coil;
• Analyze the pixel value of the symmetry axis along the Y direction of the template set

as the basis for determining the coil polarity;
• Using the histogram back projection algorithm to obtain the contours of different iso-

magnetic induction intensity lines of the cloud image and save them to the
contour vector;

• Calculate the contour moments of different isomagnetic induction intensity lines and
save them in the contour moment vector;

• The algorithm flow chart is as shown in Figure 1.
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Figure 1. Coil identification algorithm flow.

4. Algorithm Verification and Analysis
4.1. Magnetic Field Acquisition

In the finite element software, different types of coils are calculated. We set the coils on
the XOY plane, the diameter of the coil is 100 mm, the working frequency is 100 kHz, and
the working current is 1 A. The magnetic field cloud images of different coils at different
positions are obtained as shown in Figure 2. Figure 2a–d represent circular coils, square
coils, DD coils, solenoid coils, and magnetic field cloud diagrams, respectively, at a distance
of 15 mm from the coil.
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Figure 2. (a) Circular coil and magnetic field cloud diagram; (b) Square coil and magnetic field cloud
diagram; (c) DD coil and magnetic field cloud diagram; (d) Solenoid coil and magnetic field cloud diagram.

The magnetic field shown in Figure 2 indicates that the circular coil and the square
coil are unipolar coils, and the DD coil and the solenoid coil are bipolar coils. In the
cloud diagrams, the red area and blue area represent high magnetic induction intensity in
opposite directions. From the cloud diagram, we can intuitively see the law of the magnetic
field passing through the plane. The magnetic field of the unipolar coil traverses once from
the center of the plane. The magnetic field of the bipolar coil goes out from one side of the
plane and then goes in from the other side. It appears that a unipolar coil cloud diagram
has one center, the bipolar coil cloud diagram has two centers.

For different types of coils, under the premise of ensuring that the outer dimensions of
the coils are consistent, the number of turns and the pitch of the coils are changed, and FEM
calculation is carried out. A total of 32 coils are simulated. Among them, there are nine
circular coils, nine square coils, nine DD coils, and four solenoid coils. The coil parameters
are shown in Table 1.

Table 1. Parameters of the coils.

Serial Number Coil Type Turns Turn Pitch(mm) Serial Number Coil Type Turns Turn Pitch(mm)

1

Circular coil

5
2 19

DD coil

5
2

2 4 20 4
3 6 21 6
4

10
2 22

10
2

5 4 23 4
6 6 24 6
7

15
2 25

15
2

8 4 26 4
9 6 27 6

10

Square coil

5
2 28

Solenoid coil

5 20
11 4 29 8 12.5
12 6 30 10 10
13

10
2 31 20 5

14 4 32 25 4
15 6
16

15
2

17 4
18 6
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4.2. Algorithm Verification

Some cloud images are randomly selected as the template set (No. 1, 4, 7, 12, 15, 18,
19, 21, 22, 28, 30), and the other cloud images are used as the test set, which are verified by
the proposed algorithm.

The verification platform is based on the Ubuntu20.04 platform with the help of the
image algorithm API provided by Opencv.

First, judge the polarity of the coil. Figure 3 shows the distribution of pixels on the
symmetry axis of different coil cloud images. The abscissa represents the coordinates
of each point on the symmetry axis, and the ordinate represents the value of the green
component of each pixel on the symmetry axis. The green component of the unipolar coil
has two flat top waves, and the green component of the bipolar coil has three flat top waves.
Based on this, it can be determined whether the test coil is a bipolar coil or a unipolar coil.
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Figure 3. The distribution of the green component of each pixel on the symmetry axis of the coil magnetic field cloud image.
(a) The distribution of the green component of each pixel on the symmetry axis of the unipolar coil magnetic field cloud
image; (b) The distribution of the green component of each pixel on the symmetry axis of the bipolar coil magnetic field
cloud image.

Next, the contour of the test set coil is extracted and the similarity S between the
contour moment value of the coil of the same polarity and the contour moment value of
the template set coil is calculated.

Figure 4 is a schematic diagram of contour extraction. Based on the proposed algo-
rithm, the contour of the magnetic field cloud image is drawn, and the disordered and
incomplete contours at the edge of the cloud image is removed to obtain a more reasonable
contour of the coil cloud image. Figure 4a–d shows the magnetic field cloud image of circu-
lar coil, square coil, DD coil, solenoid coil, respectively, with the contour of the extracted
magnetic field cloud image.
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4.3. Recognition Results

Table 2 shows the similarity S between the different coil contours obtained and the
contour of the template set. Since the foregoing has already determined the polarity of the
coil, the calculation and comparison of the similarity S can only be carried out between
coils of the same polarity.

Table 2. The similarity S between different coils.

Serial
Number

Unipolar Coil Bipolar Coil
1 4 7 12 15 18 19 21 22 28 30

2 0.078755 0.034882 0.060633 5.73008 8.94304 10.3287
3 0.020309 0.085526 0.084477 3.97195 4.95327 12.3039
5 0.073037 0.090615 0.017532 6.47074 10.5795 3.13203
6 0.078778 0.039246 0.050325 7.46104 10.3053 8.45509
8 0.044810 0.094080 0.069571 3.35793 4.77039 11.4444
9 0.078755 0.034882 0.060633 4.21795 1.56140 11.0764

10 10.4097 10.03707 1.53234 0.081427 0.012149 0.055514
11 4.78704 7.54572 6.21316 0.047649 0.036717 0.041636
13 11.2336 3.59701 4.20737 0.045278 0.086520 0.097492
14 10.5467 9.28033 5.39617 0.035629 0.084908 0.094661
16 9.66852 7.91639 10.9829 0.095136 0.019469 0.097320
17 9.27539 10.6496 8.30429 0.092868 0.082598 0.033442
20 0.149670 0.187480 0.172120 1.07692 1.25219
23 0.182040 0.119310 0.187270 1.02548 1.1752
24 0.245200 0.168480 0.266010 1.33849 1.30521
25 0.124470 0.144820 0.198330 1.32516 1.33542
26 0.211630 0.110190 0.114270 1.21268 0.98731
27 0.139720 0.185930 0.297330 1.1228 1.34073
29 1.00788 1.31317 1.05209 0.139576 0.185053
30 1.10104 1.18195 1.17896 0.173247 0.148102
31 0.97226 1.18011 1.12815 0.103688 0.121645
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By calculating the contour moments in the cloud image, it is found that the Hu
invariant moments of some contours in the same cloud image are similar. This is because
the Hu invariant moments are scale-invariant. When there are contours with similar shapes
but different sizes and positions, their Hu invariant moments also similar. By analyzing
the similarity S between different coils’ Hu invariant moments according to Equations
(15)–(17), it can be obtained that for a unipolar coil, when matched with a circular coil, the
contour Hu invariant moment’s similarity S is within [0, 0.094080], which can be judged as
a circular coil. When matched with a square coil, the similarity S of constant moment of
the contour Hu is within [0, 0.097492], which can be judged as a square coil; For bipolar
coils, when matched with DD-type coils, the similarity S of constant moment of contour
Hu is within [0, 0.297330], which can be judged as DD-type coils. When matched with the
solenoid coil, the similarity S of constant moment of the profile Hu is within [0, 0.173247],
which can be judged as a solenoid coil.

5. Conclusions

This paper proposes a coil recognition algorithm of WPT system based on the char-
acteristics of magnetic field cloud image. We analyzed the different magnetic field cloud
images characteristics of different types of coils at different positions obtained by FEM, and
proposes a secondary coil identification algorithm of the wireless charging system with the
characteristics of the magnetic field cloud image. By analyzing the histogram information of
the cloud image and the Hu profile moment of the contours of different magnetic induction
intensity lines in the cloud image, the characteristics of various cloud images are obtained,
and the characteristics of the unknown coil and the known coil cloud image are compared to
obtain the coil type. Through this algorithm, we can distinguish the coil polarity through the
changes of pixel value of the symmetrical axis along the Y direction of the unknown coil cloud
image, and get the unknown coil type by judging the similarity of the contours from template
sets and test sets. The recognition success rate of the test coil can reach 100%. This algorithm
still has certain limitations. Firstly, the magnetic field cloud image is an image of a specific
location and size. In actual operation, only the magnetic induction intensity value at some
locations can be obtained; secondly, the current recognition method can only identify the
unknown coil type, and cannot obtain the size, turns, distance, and other information of the
unknown coil through the cloud image. In the follow-up, we will combine deep learning and
other methods to gradually analyze the distribution law of the magnetic field cloud image
when multiple coils form a coil network, realize the extraction of coil space magnetic field
characteristics, establish coil space magnetic field models of different structure types with
different coil parameters, and guide the matching scheme of the primary and secondary coils
to achieve efficient energy transmission.
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