Progress In Electromagnetics Research M, Vol. 121, 107-115, 2023

PIERM

(Received 11 September 2023, Accepted 17 November 2023, Scheduled 24 November 2023)

Research on Anti-Offset Performance of the Wireless Power
Transfer System with Asymmetric Coupling System

Xiangyang Shi, Jianwei Kang*, Deyu Zeng, and Yang Shi

Key Laboratory of Testing Technology for Manufacturing Process, Ministry of Education
School of Manufacturing Science and Engineering, Southwest University of Science and Technology, Mianyang 621010, China

ABSTRACT: Coupling system is important for a Wireless Power Transfer (WPT) system, and it directly affects the efficiency and reliability
of the WPT system. In some special applications, such as implantable medical devices, the size of the receiving coil of the WPT system
is strictly limited. Coupling coils of equal size will not meet the application requirements. When being applied in implantable medical
devices, equal-size coupling coils suffer from shortcomings such as poor anti-offset performance and cumbersome design process. In
view of the above problems, in this paper we design a coupled coil structure asymmetrically, so that parameters such as outer diameter and
the number of turns of the transmitting and receiving coils are no longer equal. In this paper, we first analyze the effect of tightly wound
and loosely wound coils on the WPT system when they are used separately as transmitting coils and find that the two different types of
coils have different characteristics of the magnetic induction intensity distribution. Then, we use the genetic algorithm to optimize the
transmission coil and design a new asymmetric coupling system. Finally, we experimentally demonstrate that the optimized coupling
system is able to maintain the stability of the output current and the transmission efficiency within a certain range in the presence of
offset, which indicates that the coupling system has a certain ability of anti-offset.

1. INTRODUCTION

ireless power transfer (WPT) is a new type of power trans-
mission method in which the load and power supply are
without contact, which has the advantages of safety, flexibil-
ity, and reliability compared with the traditional transmission
methods [1-6]. WPT has a broad application in the fields of
implantable medical devices [7, 8], electric vehicles [9, 10], etc.
Coupling system is an important component of a WPT sys-
tem. Its parameters such as coupling coefficient and mutual in-
ductance coefficient directly affect the transmission power and
efficiency of the WPT system [11]. However, the mutual in-
ductance coefficient is affected by many factors such as coil
structure and the relative position of coils [12], which makes
the design and optimization of a coupling system a great chal-
lenge. Especially in the case of implantable medical devices,
the receiving coils are subject to strict size limitations. Con-
ventional equal-size coil systems, where the transmitting and
receiving coils are of equal size, no longer meet the require-
ments in implantable devices. Moreover, since the implantable
WPT system cannot be aligned with the coil by visual judgment,
the ability to anti-offset the coupling system is highly desired.
At present, numerous scholars have carried out research on
the problem of anti-offset coil and the asymmetric coil of a cou-
pling system for special WPT situations. The anti-offset coil of
the conventional dual-coil structure is usually optimized by turn
spacing, coil outer diameter, or wire diameter [13, 14]. Besides,
triple-coil [15, 16], quadruple-coil [17] structures, and the coil
structures with magnetic cores also improve the ability of anti-
offset to some extent. In recent years, the design of a anti-offset
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coil is no longer limited to conventional structures, and the re-
searchers at the University of Auckland have proposed a differ-
ent structure of coupling coils, which is an orthogonal double-
D structure [18], improving the lateral offset resistance of the
coils. A spherical coil is proposed by the researchers of Wuhan
University [19], which realizes the multi-directional transmis-
sion of electric energy and effectively improves the weakness
of traditional WPT system’s poor anti-offset ability. In ad-
dition, with the deepening of research, some researchers use
intelligent algorithms to optimize the structure of WPT coil,
such as genetic algorithm (GA) and particle swarm optimiza-
tion (PSO) [20, 21]. With the help of intelligent optimization al-
gorithm, many new structures, such as combined series wound
coil structure [22], are proposed, which provides a new research
idea for improving the anti-offset ability of WPT system.

The above mentioned studies have implemented anti-offset
by optimizing the coil structure, and there are two main opti-
mization methods: finite element methods and analytical meth-
ods. The finite element method mainly uses software to calcu-
late the electromagnetic field in the WPT system. Its advantage
is that it is easy to operate, but the calculation of the load model
requires a large amount of computational resources [23], while
the analytical method uses the electromagnetic field theory to
construct the mutual inductance model between the coils, and
the method analyzes the results under different working condi-
tions. The analytical method possesses a clear physical signifi-
cance [24], but it brings some cumbersome formulas. However,
depending on the specific problem, both methods can be used
in optimization.

Published by THE ELECTROMAGNETIC ACADEMY


https://doi.org/10.2528/PIERM23091102

rPIERM

Shi et al.

In this paper, we present a study of a novel asymmetric coil
for WPT systems based on the GA method. The proposed coil
system has good anti-offset ability and can be used in some spe-
cial cases, such as implantable medical devices. Firstly, the
restricted receiving coil size is confirmed by analyzing the re-
lationship between the transmission efficiency of the WPT sys-
tem and asymmetric coupling system. Secondly, the system pa-
rameters are analyzed by the finite element method under the
coil offset condition. Thirdly, the coil parameters are optimized
through the GA optimization algorithm in order to enhance its
stability under the offset condition. At last, an experiment is
conducted to verify the proposed coil system and the optimiza-
tion method.

2. ANALYSIS OF THE ASYMMETRIC COUPLING SYS-
TEMIN A WPT SYSTEM

2.1. The Asymmetric Coupling System Circuit

A magnetically coupled resonant wireless power transfer
(MCR-WPT) system is shown in Figure 1. The system
consists of a high-frequency inverter power supply, a matching
network, an asymmetric coupling coil, a rectifier circuit, and a
load. The circle on the primary side represents the transmitting
coil, and the circle on the secondary side represents the
receiving coil. The sizes of the two coils are not equal, which
is consistent with special WPT cases such as the implantable
medical device case.
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FIGURE 1. The system block diagram of MCR-WPT.

Figure 2 shows the equivalent circuit of the system using an
S-S type topology compensation circuit. Here, ug is the high-
frequency excitation voltage source. C; and Cy are the series
compensation resonant capacitances of the transmitting coil and
the receiving coil. R; and Rs are the sum of the AC loss resis-
tance and the coil reflection resistance of the transmitting and
receiving coils. Ly and Lo are the equivalent inductance of the
transmitting coil and receiving coil of the two series coils. M2
is the mutual inductance between the two coils, and R, is the
load resistance.

Assuming that the operating frequency of the system is w,
the equivalent impedance of the transmitter and receiver side
loops is:
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FIGURE 2. The equivalent circuit of the coil system.

When the system is in a resonant state, and the impedance
imaginary part is zero, the maximum transmission efficiency
of the system is:
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Eq. (2) shows that the efficiency 7 is closely related to pa-

rameters load size, internal resistance between transmitting coil

and receiving coil, frequency, and mutual inductance. The ef-

ficiency of the WPT system is one of the key optimization ob-
jectives when coil systems are optimized.

2.2. Mutual Inductance Model of the Asymmetric Coupling Sys-
tem

The asymmetric coupling system is shown in Figure 3, where
d is the axial distance between the two coils, and ¢ is the radial
distance between the two coils.
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FIGURE 3. Model of an asymmetric coupling system.

In Figure 3, the coordinates of O; are (0, ¢, d), and the co-
ordinates of O3 are (0, 0, 0). When the two coils have a radial
offset, the mutual inductance between the two coils [25] is:
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where N7 and N, are the number of turns of the transmitting
coil and the receiving coil; d and ¢ are the axial distance and
radial distance of the two coils; r; and ro are the radii of the
two coils; 6 and ¢ are the angles between dl; and dl, and the z
axis, respectively.
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FIGURE 4. The efficiency influenced by the load resistance and the
mutual inductance.

Tightly wound coil Loosely wound coil

FIGURE 5. Two different types of coils.

TABLE 1. Parameters of the coupling system.

Parameters Tightly wound coil | Loosely wound coil | Receiving coil
Number of turns 8 13 1
External diameter/mm 160 160 4
Turn spacing/mm 4.3
Wire diameter/mm 2 2 1
Self-inductance/uH 17.2 17.5 3.6

3. THE SYSTEM CHARACTERISTIC OF THE ASYM-
METRIC COUPLING SYSTEM

The WPT efficiency and the transmission power are directly af-
fected by parameters including the load resistance and the mu-
tual inductance, according to Eq. (2), and the magnetic induc-
tion intensity is the key of the power transfer, and it is affected
by the coil type. Thus, this section analyzes the effect of the
above circuit parameters and the winding method of the coil on
the WPT system.

3.1. The Influence of Load and Mutual Inductance on Transmis-
sion Performance

A 3-D result is calculated by using Matlab in order to visually
describe the relation of Ry, Mis, and 7, shown in Figure 4.
For the WPT system of the asymmetric coupling system stud-
ied in this paper, the parameters are as follows: the system op-
erating frequency is 1.5 MHz; the transmitting coil inductance
Ly = 20.5 uH; the resistance R; = 0.35 €2; the receiving coil
inductance Lo = 6.4 uH; the resistance value Ry = 0.1 ). The
range of load Ry, is set to 0 ~ 30(2, and the range of mutual
inductance M5 is set to 0 ~ 10 uH.

Figure 4 shows that when the load is fixed, the efficiency
of the system first increases and then remains constant as the
mutual inductance increases, while for small values of the mu-
tual inductance, the efficiency changes significantly with the
mutual inductance. The mutual inductance between the coils in
asymmetric coupling systems is often small, and coil offsets can
have a large effect on the mutual inductance, so it is necessary
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to maintain the stability of the mutual inductance in asymmetric
coupling systems.

3.2. The Influence of the Coil Wound Type

As shown in Figure 5, a conventional circular coil is divided
into two types, tightly wound and loosely wound. The differ-
ence between the two type coils is that the tightly wound coil
has little or no turn spacing, while the loosely wound coil has
larger turn spacing.

In order to analyze the influence mechanism of the spatial
magnetic induction intensity distribution of the WPT system of
the asymmetric coupling system, the two types of circular coils
are used as transmitting coils. Then the spatial distribution of
magnetic induction intensity of the two different coupling sys-
tems is analyzed by using the finite element method. A condi-
tion is fixed that the outer diameters of the two types of coils
are the same, and the self-inductances are similar to obtain a
better comparison. The parameters of the coupling system are
given in Table 1, and Figure 6 shows the respective magnetic
induction intensity distribution.

According to the simulation results, the spatial magnetic in-
duction intensity of the coupling system is affected by the coil
winding approach. The magnetic induction intensity of the
tightly wound coil is denser on both sides of the coil and de-
creases in the coupling area. The magnetic induction intensity
of'the loosely wound coil is stronger in the central coupling area
than that in the outer area of the coil due to the spacing between
the wires.
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FIGURE 6. Magnetic induction density distribution of two types of coils. (a) Tightly wound coil and (b) Loosely wound coil.
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FIGURE 7. Trends in magnetic induction intensity. FIGURE 8. Schematic diagram of the ring current.
Figure 7 shows the trend of magnetic induction intensity at 4.1. Magnetic Field Analysis of Circular Current Loop
30 mm above the trar{srrl'lttlng f:o1l plane.. In the range of [—60, Figure 8 shows a ring current and an arbitrary point P (z, v,
60]mm, the magnetic induction intensity of loosely wound z) in the space. The radius of the ring current is a; the current
coils is greater than that of tightly wound coils, but the unifor- passing through is I; the current around is counterclockwise.

mity of tightly wound coils is better than that of loosely wound
coils. The mutual inductance of the coupling system and the
degree of uniformity of the spatial magnetic field are the key
factors in determining the transmission efficiency of the WPT

Since the magnetic field generated by the ring current is sym-
metric, the point P can be expressed in a cylindrical coordinate:

X = pCcosy
system. _
Therefore, inspired by the respective advantages of the above Yy =psinp “)
two types of coils, one proposes an optimization method for z=2z

transmitting coil of the asymmetric coupling system.

where p is the distance from the projection of point P on xOy
plane to point O, and ¢ is the included angle between the pro-
4. COIL OPTIMIZATION BASED ON GA jection of point P on xOy plane and the connecting line of point
O and z axis.
The component of the magnetic induction intensity at point
P along z axis [26] is:

According to the law of electromagnetic induction, only the Z-
direction component of the magnetic induction intensity gen-
erated by the transmitting coil contributes to the magnetic flux
of the receiving coil, so this section will take the uniformity of

. . .. . . . 27
the Z-direction magnetic induction intensity of the plane where Lo Ta(a — pcos f3)
the receiving coil is located as the optimization goal. Accord- B, = in / 3dp ®)
. Lo ) . : ) . V(a2 + p? + 22 — 2pcos B)
ing to the inspiration of the third section, this section will use 0
GA to adjust the turn spacing of the transmitting coil, so as to
achieve the optimal uniformity of magnetic induction intensity where a is the radius of annular current, and I is the current
in Z-direction. passing through.
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4.2. Optimization Process and Objective Function

Since the transmitting coil is a multi-turn coil, the magnetic in-
duction intensity at any point in the surrounding space can be
obtained by the superposition of the magnetic induction inten-
sity generated at that point by each turn of wire:

n
B, = Z B Ri
=1

The position of the transmitting coil and a region to be opti-
mized is shown in Figure 9. The region is the plane where the
receiving coil is located. B, on this plane will be homogenized
by GA.

(6)

z

Region to be
optimized

Transmitting coil
X

FIGURE 9. Schematic diagram of a disc coil and optimization plane.

Because the transmitting coil and the region to be optimized
are both circular, the B in this region is symmetrical. Since the
distribution law of magnetic induction intensity on every radius
in this region is the same, the problem of magnetic induction
intensity homogenization on the plane can be transformed into
the problem of magnetic induction intensity optimization on a
certain radius.

Based on the above analysis, one takes a certain radius in
the region to be optimized as the optimization object, evenly
selected points on this radius are shown in Figure 10. Then, the
turn pitch of the transmitting coil is optimized by GA to make
the B, of these points as consistent as possible. The schematic
diagram of uniform selection points is shown in Figure 10. In
the follow-up study, the radius of the region to be optimized is
set to 40 mm, so 20 points on one radius will be considered.

Ix—>y

FIGURE 10. Schematic diagram of uniform selection points.

An objective function represents the degree of the uniformity
of the magnetic inductance intensity, and the objective function
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is defined as the Coefficient of Variance (COV):

n n 2
% Z <Bzz - % Z Bzz)
i=1 i=1
COV = - (7)
% Z B
=1

where n is the number of points on the radius of the optimiza-
tion region, and B,; is the z-axis direction magnetic induction
intensity on z direction of the points. Moreover, the smaller the
COV value is, the better the uniformity is.

Equation (5) shows that B, is a function of radius, turns, and
other parameters. In the follow-up study, the maximum outer
radius of the transmitting coil is set to 80 mm; the turns are set
to 10 turns; the transmission distance is set to 20 mm.

Therefore, the radius of each turn of the transmitting coil
should meet the following conditions.

0<Ri_1 <R, <80 )]

4.3. Genetic Algorithm Optimization

The optimized process is shown in Figure 11. The specific steps
are as follows:

Firstly, the parameter R; is binary coded to generate an ini-
tial population. Secondly, the parameters are processed; the
objective function value is calculated; whether the constraint
conditions are violated is judged. Thirdly, the algorithm judges
whether the cutoff condition is satisfied or not. Namely, the
algorithm judges whether the rate of change of the objective
function is less than 10-6 or not. If it is satisfied, the objective

Binary encoding of the
parameters to be optimized

I

Generating the initial
population

|
1

Modelling the coil

I

Calculate the objective
function

\

Whether cut-off
conditions are
met?

Yes

|Output optimal solution‘

|

FIGURE 11. The optimized process.
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FIGURE 12. The optimized result. (a) Radius of each turn of the coil; (b) The spacing of each turn.
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FIGURE 13. Trends in Z-direction magnetic inductance.
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FIGURE 14. Trends in mutual inductance induction distribution.
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FIGURE 15. Magnetic induction intensity distribution of the optimized coupling mechanism. (a) offset distance = Omm and (b) offset dis-

tance = 40 mm.

function £ is selected as the optimal individual; the optimal so-
lution is compiled; the algorithm comes to an end. If not, the
algorithm carries out three genetic operator operations includ-
ing crossover, variation, and selection. After that, the algorithm
calculates the objective function and other operations again un-
til the cutoff condition is satisfied.
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The last is that the algorithm finally outputs the optimal so-
lution.

Figure 12(a) shows the optimization results of the radius of
each turn of the transmitting coil. The inner diameter and outer
diameter are 10 mm and 76 mm, respectively. Figure 12(b)
shows the spacing of each turn of the optimized coil. The spac-
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FIGURE 17. Trend of system efficiency with different transmitting coils.

ing between the first and second turns is large, while the spacing
between the second and seventh turns is smaller and more uni-
form, which is very consistent with the analysis in Section 3.
The second to seventh turns are equivalent to tightly wound
coils, while the first turn makes up the defect that the magnetic
induction intensity in the center of tightly wound coils is small,
so the optimization result is in line with the theoretical predic-
tion.

Figure 13 shows the trend of the distribution of the magnetic
induction intensity at the optimization plane after the optimiza-
tion by using GA. The optimized coil produces a more uniform
magnetic induction intensity at the optimization region than the
traditional disk coil.

Figure 14 shows the trend of mutual inductance of the cou-
pling system under offset working condition after the optimiza-
tion of the transmitter coil. The abscissa represents the distance
of lateral offset of the receiving coil. The mutual inductance
keeps relatively constant in the range of [—40, 40] mm for the
coil offset position.
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FIGURE 18. Trend of current under offset condition.

The distributions of the magnetic induction intensity of the
optimized asymmetric coupling system is shown in Figure 15.
Figure 15(a) is the situation that the receiving coil is coaxial
with the transmitting coil, and Figure 15(b) is the situation that
the receiving coil is offset, and the magnetic induction intensity
distribution in the center of the coupling system is more uniform
than that before optimization shown in Figure 6. When the re-
ceiving coil is offset by 40 mm, the distribution of the magnetic
induction intensity between the coupling system is close to that
when the offset has not occurred.

Figures 14 and 15 prove the uniformity of the mutual induc-
tance and the magnetic field. It has been clarified in the pre-
vious section that the mutual inductance of the coupling sys-
tem and the degree of uniformity of the spatial magnetic field
are the key factors in determining the transmission efficiency
of the WPT system. Therefore, the optimized coupling system
possesses a uniform spatial magnetic induction intensity dis-
tribution, and the stability of the mutual inductance under the
offset condition can enhance the system’s anti-offset ability.
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5. EXPERIMENT VERIFICATION

5.1. Experiment Platform

In order to verify the effectiveness of the proposed asymmet-
ric coupling system and its coil parameter GA optimization
method, an experiment platform shown in Figure 16 is con-
structed.

The proposed optimized transmitting coil is winding on a
fabrication coil skeleton whose parameters are according to the
optimized results. The experiment platform consists of the pro-
posed coupling system, a DC power supply, a power amplifier,
and resonance compensation capacitors. The working state is
that the system maintains a constant output current of 1A and a
resonant frequency of 1.5 MHz. The specific parameters of the
experiment are shown in Table 2.

TABLE 2. Parameters of the experiment.

Transmitting Receiving
Parameters . .
coil Coil
Turns 1 28
External diameter/mm 152 4
Wire diameter/mm 1 35
Self-inductance/pH 14.6 29.5
Compensation capacitor/pF 771 382
70
6 - e
60 - _e--"® e
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FIGURE 19. Trends of efficiency under offset condition.

5.2. Analysis of Experimental Results

Figure 17 shows the trend of system efficiency with offset dis-
tance when different transmitting coils are used, and the load is
10 2. The result shows that the transmission efficiency of WPT
system with non-optimized transmitting coil is higher than that
of WPT system with optimized transmitting coil when the off-
set distance is 0, because the non-optimized transmitting coil
has larger self-inductance coefficient, and the mutual induc-
tance between non-optimized transmitting coil and receiving
coil is greater. However, with the increase of offset distance,
the efficiency of WPT system with non-optimized transmitting
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coil decreases gradually, while the WPT system with optimized
transmitting coil can keep its efficiency stable in a certain range.

Figures 18 and 19 show the trend of the receiving coil cur-
rent and the system transmission efficiency of the experimental
WPT system under the offset condition, respectively. Figure 18
shows that the current in the receiving coil can remain relatively
stable in the range of [0, 40] mm after the receiving coil is oft-
set, and the maximum current in the coil decreases with the in-
crease of load. The result proves that the proposed the coupling
system possesses ability of keeping the current stable.

Figure 19 shows the trend of the system efficiency after the
receiving coil is offset, which proves that the optimized cou-
pling system can keep the system efficiency constant within a
certain range under the offset condition. The maximum effi-
ciency of the system shows a tendency of increasing and then
decreasing with the increase of the load.

The experimental results show that the asymmetric coupling
system and its GA optimization method proposed in this paper
can improve the anti-offset ability of WPT system and keep the
WPT system running stably within a certain offset range.

6. CONCLUSIONS

In this paper, a WPT system with asymmetric coupling mech-
anism is investigated. A planar disk-type asymmetric coupling
system is proposed, and the turn spacing of the transmitting
coil is optimized by a GA optimization algorithm. The pro-
posed coupling system and the proposed GA are verified by an
experiment. The result shows that the WPT can be operated
stably under the offset working condition, which may meet the
requirement of implantable medical device. The main contri-
butions of this paper are as follows:

1) An asymmetric WPT system of coupling mechanism is
analyzed by circuit theory and electromagnetic theory, and the
factors affecting the efficiency of the system are obtained.

2) The effects of different coil structures on the spatial mag-
netic induction intensity distribution of the coupling system are
found.

3) A new type of coil is proposed on the basis of the tradi-
tional coil structure and optimized by the GA.

4) Finally, the feasibility of the proposed structure and the
optimization method is verified by an experiment.

In the future, the coupling system could be optimized via the
proposed method according to other size restricted situations.
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