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Preference-Based Multiobjective Optimization of
Nonresonant Wireless Charging System

Hao Liu"”, Zhenjie Li

Abstract—Desensitizing the misalignment and achieving low loss
can improve the performance of wireless charging systems (WCS).
A preference-based multiobjective optimization and resistance es-
timation algorithm based on the orthogonal table and multiple
linear regression is used to achieve this. First, the working principle
of a nonresonant WCS is analyzed to illustrate the relationship
between WCS performance and mutual inductance along with
coil resistance. Then, based on the orthogonal method and F-test,
the parameters affecting the coil resistance are determined, and
an estimation model for the coil resistance is established. Third,
preference region and Latin hypercube sampling (LHS) are added
to the nondominated sorting genetic algorithm IT (NSGAII) method
to enhance individual density within the preferred region without
increasing the number of individuals and optimize the antimisalign-
ment ability and coil resistance based on the model above of nested
coils as an example using the proposed method. Compared to the
NSGAII method, the mutual inductance fluctuation within 120 mm
is reduced by 58 % under similar conditions. Finally, the simulation
and experimental results demonstrate that the proposed resistance
estimation method has acceptable accuracy, and the proposed op-
timization method can optimize the horizontal antimisalignment
ability of nested coils, and thus constant voltage/constant current
charging is achieved.

Index Terms—Orthogonal method, preference-based multiob-
jective optimization, resistance estimation, target region-based
NSGAII (T-NSGAII), wireless charging system (WCS).

I. INTRODUCTION

IRELESS power transfer [wireless charging system

(WCS)] is a widely used technology and is applied in
many fields, such as the charging of electric vehicles, drones,
and robots [1], [2], [3]. Meanwhile, power transfer efficiency
has become a concern. The efficiency of inverters, loss of mag-
netic coupling structure, and rectifiers mainly determine power
transfer efficiency. As the efficiency of rectifiers and inverters is
determined more by the performance of semiconductor devices,
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this article mainly focuses on the loss of coils, which can be
optimized by coupling coil design.

As coupling structures always have many parameters and
finite element analysis (FEA) is time-consuming, the exhaustive
method may spend too much time and computing resources. So,
optimization methods are used to find parameter combinations
that meet the requirements in a shorter time. Mathematical
modeling proved to be a powerful way to optimize the coils
[4]. This method establishes mathematical models of magnetic
coupling structure and uses mathematical methods to optimize.
Considering that in some cases, the established mathematical
models are complex, and methods such as particle swarm opti-
mization (PSO) [5], genetic algorithm (GA) [6], and distance-
based-intelligent PSO [7] were used to deal with these cases.
Also, identifying the parameters of WCSs can use these methods
[8], [9]. However, establishing mathematical models is difficult
if the magnetic coupling structure is complex. In [10], a model-
free optimization, or black-box optimization based on balanced
particle swarm optimization, was established to improve the
antimisalignment ability of laminated magnetic coupler. This
type of method uses FEA combined with mathematical models
to evaluate the performance of magnetic coupling structures. It
uses optimization methods such as (PSO) [11] and Tabu search
[12] to achieve the optimized goal.

There is not always only one performance indicator for evalu-
ating magnetic coupling structures. This situation requires mul-
tiobjective optimization methods. In [13], exhaustive methods
and mathematical modeling optimized efficiency, isolation ca-
pacitance, and E-field. Similarly, the exhaustive method still has
the drawback of extensive time and computing resource costs.
So, a weight-based multiobjective optimization algorithm was
used to convert multiobjective optimization to single-objective
optimization [14]. However, this method can only find one
tradeoff between multiple objectives, which may not meet the
requirements. Pareto front-based multiobjective optimization
methods, such as nondominated sorting genetic algorithm II
(NSGAID), were used to find a balance between multiple objec-
tives [15]. Moreover, multiobjective particle swarm optimization
(MOPSO) [16] was used to achieve multiobjective optimization
of WPT. In addition, MOPSO may be more complex because it
is hard to determine the particles to follow.

However, as the number of optimization goals increases, the
density of individuals on the Pareto front decreases sharply.
The slow FEA makes it difficult for many individuals to use,
further exacerbating the problem above. The preference-based
multiobjective optimization algorithm solved this problem to a
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certain extent by using reference points [17], preference regions
[18], reference directions [19], and other methods to bring
individuals closer to decision-maker preferences. However, for
multiobjective optimization of WCS, preference may be more
like a preferred region, such as the range of mutual inductance.
So, this article uses a preference regions-based multiobjective
optimization algorithm to optimize WCS. Some preferential
multiobjective optimization algorithms were proposed and used
to maximize satellite mission arrangements [20]. These methods
use preferences as one of the sorting criteria to cause individuals
to gather in the preferred region, and they use shared distance
and hypervolume contribution to make individuals gather near
the preferred region when the preferred region does not include
the Pareto front. However, the optimization algorithm applied
to WCS should be simple and have good convergence due to
the problematic modeling and slow FEA calculation. So, target
region-based NSGAII (T-NSGAII) is used to optimize WCS
in this article, and Latin hypercube sampling (LHS) is used to
determine the initial value of the algorithm.

As for the magnetic coupling structure loss estimation, coil
resistance is an important factor [21]. So far, methods to estimate
coil resistance and loss can be roughly divided into two cate-
gories. First, it is the method of combining empirical formulas
or physical models with experiments. Empirical formulas [22]
or physical models [23] are roughly used to calculate the coil
resistance. Then, experiments were set up to correct model er-
rors. Second, the method based on FEA and experiments mainly
uses FEA software to calculate coil resistance or loss [12]. Also,
these methods can estimate ferrite loss [24], [25], [26]. Although
FEA-based methods are more accurate when the input of all
factors is accurate, it may take more time, and factors may not
be easy to determine. At the same time, empirical formulas or
physical models may have errors that need lots of experiments
to correct, which also costs time. Taguchi method (TM) has the
advantages of uniform dispersion, neatness, and comparability
and is widely used in experimental research [27]. Considering
that the size, number of turns, shape, and distribution of magnetic
cores of the coil may all be parameters that affect the losses of
magnetic coupling structures, the TM combined with multiple
linear fitting is used in this article to estimate the resistance of
the magnetic coupling structure and to estimation the losses of
magnetic coupling structure.

The main contributions of this article are given as follows.

1) A magnetic coupler resistance estimation method is pro-
posed based on the orthogonal table and multiple linear
regression. Unrelated variables are excluded based on the
F-test, and a mathematical model of magnetic coupler
resistance is derived. The accuracy of resistance estima-
tion is validated, and the loss of the magnetic coupler is
estimated based on the derived model. Then, experimental
verification is used to verify its applicability further, and
the results show that the average error of the proposed
resistance estimation method is about 5%.

2) Preference-based multiobjective optimization, which can
increase individual density within the preferred region
without increasing the number of individuals, is used
to optimize the resistance and antimisalignment ability
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Fig. 1. 'WCS with nonresonant SS compensation.

of the magnetic coupling structure. The principle of the
optimization method is analyzed, and optimization of
nested coil based on the resistance estimation above is
an example of the proposed method. The result shows that
the antimisalignment ability and the resistance of the coil
are optimized, and higher antimisalignment ability and
higher efficiency are achieved compared with the result of
the traditional NSGAII method. The experiment verified
its ability to resist misalignment and achieved CC/CV
charging.

The rest of the article is organized as follows. Section II
analyzed the antimisalignment ability and loss of the WCS
with nonresonant SS compensation. Section III analyzes the
loss estimation model of magnetic coupling structure based
on the orthogonal method. Section IV analyzes the proposed
preference-based multiobjective optimization method and uses
the above algorithm to optimize the design of nested coils.
Section V verifies the optimized magnetic coupling structure
with the experimental results. Finally, Section VI concludes this
article.

II. ANTIMISALIGNMENT AND LOSS ANALYSIS OF
NONRESONANT WCS

The circuit of the WCS with nonresonant SS compensation is
shownin Fig. 1. Atthe transmitter side, the full-bridge inverter of
the system is composed of four MOSFETs (Q1—(Q4). The resonant
capacitor (Cy) is set not to fully compensate for the inductance of
the transmitter coil (L ). At the receiver side, the resonant capac-
itor (C») is set to fully compensate the inductance of the receiver
coil (Ly), a full-bridge rectifier including four diodes (D1-D.)
is used for rectification, and the capacitive filter (C,) is used to
stabilize the output voltage. Mutual inductance between L; and
Lo is M. Uy, is the system’s input voltage, and U, refers to the
inverter’s output voltage. The resonant current flows through L,
and Ly are I; and /o, respectively, while Ry and R, refer to the
transmitter and receiver coil resistance, respectively. The system
output voltage is U,, and the equivalent load resistance is R,,.
The rectifier and load are considered resistors (R,) to simplify
the analysis.

Because the circuit with a nonresonant transmitter and the
resonant receiver performs better, inductive nonresonant can
reduce the risk of MOSFET damage [28]. The circuit parameters



13964

700 F —=— output power of resonant system
—e— output power when L =3 pH
600 F —4— output power when L =6 pH
—v— output power when L =9 pH
§ 500 F —=— output power when L =12 uH
B
£ 400 |
.,
Z
5300 |
o
200 f v/,/——._’\\v
100 /‘/,/0——‘_‘_‘
1 " 1 " 1 " 1 i 1 " 1 i 1 " 1

8 10 12 14 16 18 20 22 24 26
Mutual inductance (uH)

Fig. 2. Output power versus mutual inductance of WCS in different resonant
conditions.

of the WCS need to satisfy the following equation:

1
jw(L1 — L) =0
Gl + jw(Ly )
L el =0 (1)
—_— w = U.
JwCo Jee

In (1), L, refers to the remaining inductance after compensa-
tion. So, the output current can be given by
B JwMUg
~ w2M2 + jwL.(Ry + Re) + RiRo + RiRe’
The current flowing through the transmitter coil can be given
by (3), and the output power can be given by (4).

I,

2

' (jwLe + R1)(Ry + Re) + w2 M?
. 2
JwMU;
P, =R : R..
e<w2M2 ¥ jwLo(Rs + R.) + RiRo + RlRe)
(€]

According to (2) and (3), the loss power of the coils can be
given by (5) and (6). The total loss of power is the sum of the
two above. In other words, it is P; + Ps.

US(RQ—FRQ) 2
P, =R B s
1 e((jWLe+R1)(R2+Re)+W2M2> | 5)
JwMUg 2
P=R R,.
2 e<w2M2 + jwLe(Ra + Re) + R1Ro + Rch> 2

(6)

According to (4), the output characteristic of the nonresonant
SS compensation WCS is neither constant current nor constant
voltage. However, the system’s antimisalignment ability is en-
hanced.

As shown in Fig. 2, a WCS with 50 V of Uy, and 25 (2 of
R, is taken as an example. When mutual induce fluctuates when
misalignment occurs, the output power of the resonant system
fluctuates sharply, while the output power of the nonresonant
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system does not fluctuate so much. However, the efficiency of
the nonresonant system drops due to the increasing current of
i1. So, the antimisalignment ability of the nonresonant system
is clarified. The L. is set at 6 pH to balance the antimisalign-
ment ability and output power, and the corresponding mutual
inductance interval is 12-24 pH.

As shown in (2) and (3), the short-circuit current and the
current when the receiver is open-circuit are limited. So, open-
circuit and short-circuit protection is achieved. The whole loss
of the WCS is related to Ry and R, as shown in (5) and (6). So,
the coil resistance estimation and optimization are necessary for
improving system efficiency, which is analyzed in Sections III
and I'V. Also, the nested coil is chosen for the magnetic coupler
to improve antimisalignment ability and reduce coil resistance.

III. TAGUCHI-BASED COIL RESISTANCE AND LOSS
ESTIMATION

A mathematical model of magnetic coupling structure based
on physical models is challenging to propose due to the ferrite
core’s uneven magnetic field and the coil’s complex design. So,
coil resistance and loss estimation based on the TM can simplify
the modeling process, and the coil loss is also estimated. The
principle of this method is analyzed in the following section.

A. Analysis of Taguchi Method

TM is a widely used method developed by Genichi Taguchi
for optimizing and modeling processes. This method uses or-
thogonal tables, which can be obtained by some algorithms to
achieve uniform and dispersed sampling and avoid the extensive
experimentation required for an exhaustive method. The process
of using the orthogonal method for resistance estimation is as
follows.

1) Divide parameters into several levels.

2) Find an appropriate orthogonal table based on the number
of levels and make necessary modifications to couple the
number of parameters and levels of the orthogonal table.

3) Experiment on all combinations in the orthogonal table
and collect data.

4) Use the F-test to determine which independent variables
impact the dependent variable.

5) Multiple linear regression estimates the relationship be-
tween variables.

After obtaining the experimental data combined in the orthog-

onal table, this article uses the least squares method for linear
fitting. The model of multiple regression follows

y=PB0+Y B (7
i=1

where i refers to the number of independent variables and (3
refers to the coefficients of each independent variable. The
following equation is used to calculate S3:

Bi= (xi— %)y —?)/Z (2 — m7) ®)
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TABLE I
DIFFERENT LEVELS OF PARAMETERS
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TABLE III
MAIN PARAMETERS OF THE COILS

level  shape size Number of  Ferrite cores distribution
turns
1 circular 150mm 5 No ferrite core
2 square 210mm 10 Half ferrite core
3 rectangle 300mm 15 Full ferrite core
TABLE II

PARAMETER COMBINATIONS OF THE Lg3% ORTHOGONAL TABLE

Experiment turns  size shape cores distribution
no.

1 5 150mm circular No ferrite core
2 5 300mm square Half ferrite core
3 5 210mm rectangle Full ferrite core
4 10 300mm circular Full ferrite core
5 10 210mm square No ferrite core
6 10 150mm rectangle Half ferrite core
7 15 210mm circular Half ferrite core
8 15 150mm square Full ferrite core
9 15 300mm rectangle No ferrite core

where x; refers to each independent variable, y; refers to the
dependent variable, and in this case, it refers to the measured
resistance.

B. Establishment of Coil Resistance Model

Coils usually have different shapes, sizes, and turns, and
the distribution of their ferrite cores also varies. So, all the
aforementioned should be considered. The number of variables
is four. The (Lg3*) orthogonal table, which can accommodate
four factors with only nine experimental runs, is selected.

Before experimenting, the parameters in the orthogonal table
need to correspond to the actual parameters. As mentioned
above, shape, size, number of turns, and ferrite core distribution
are used as variables for analysis. The level division method of
these variables is given in Table I.

Three typical shapes are selected to be analyzed, and the coil
size is also selected as the parameter to be analyzed to consider
the influence of coil size. The size of the rectangle coil represents
the length of the long side of the coil, where the length of the short
side is half of the length of the long side. For circular-shaped and
square-shaped coils, parameter size represents the side length
and diameter length, respectively.

The number of turns is selected as a parameter to simulate the
effect of different turns on the resistance of coils, and ferrite core
distribution is also selected because the distribution of coil ferrite
cores is different. Among them, the full ferrite core represents
the ferrite core covers the whole area below the coil, half ferrite
core represents half of the ferrite core is used and distributed as
evenly as possible below the coil, and no ferrite core represents
the coil does not have a ferrite core beneath it.

The orthogonal table after using the parameters is given in
Table II.

The coils in the table above are made, and their resistance was
measured using a VC4092E LCR meter at 85 KHz. The main
parameters of the coils are given in Table III, and the shape of
the coil is shown in Fig. 3.

Parameter Value
Model of Litz wire 0.05 mm*1200
Equivalent cross-sectional 1.96 mm?2

area

Model and size of ferrite core ~ PC95, 53*53*2.5 mm

(h)

Fig. 3. Coils with parameters combination of the orthogonal table.

The AC resistance is related to DC resistance, skin effect
resistance, proximity effect resistance, and resistance caused by
core loss. So, DC resistance should be calculated and given by
9)-(12).

n

L=>) m(D-5mmx(i—1)) ©)
i=1

L=> 4(Lo—5mmsx (i — 1)) (10)
i=1

L= 3(Ly—5mmsx(i—1)). (11)

i=1

Equation (9) is for circular coils, (10) is for square coils, and
(11) is for rectangular coils. L refers to the length of the Litz
wire used to build the coil, and i refers to the number of turns.
The DC resistance of each coil satisfies the following equation:

R=p*L/S (12)

where p refers to the electrical resistivity of copper, which is
17.8 mS2 per meter when the sectional area is 1 mm?. L refers
to the length of the Litz wire obtained from (9) to (11), and
S refers to the equational sectional area of the Litz wire. So,
the calculated DC resistance and AC resistance of each coil are
given in Table IV.

The ratio between AC resistance and DC resistance is used to
reflect the impact on resistance of the parameters in the orthog-
onal table. Then, the F-test determines whether the parameter
inflects the ratio. The result of the F-test is given in Table V.

Table V lists that only the cores distribution has a p-value
less than 0.05, significantly affecting the ratio. Meanwhile, this
variable is positively correlated with the ratio. As proved by
other papers, the higher the magnetic flux in the ferrite core in
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TABLE IV
MEASURED COIL RESISTANCE

Experiment no. DC resistance (m€Q) AC resistance (mQ)

1 18.85713 24.36
2 50.20848 87.87
3 25.3207 413
4 75.44864 183.5
5 64.61561 112.78
6 30.556 52.17
7 70.98857 142.82
8 58.93733 128.3
9 98.23224 185.58
TABLE V
RESULT OF F-TEST
Parameter Coefficient (95% CI) p-value
Number of turns (-0.06729, 0.483) 0.12
Shape of coil (-0.1548, 0.4532) 0.28
Size of coil (-0.3862, 0.2695) 0.69
Cores distribution (-0.004, 0.4946) 0.05

Coils
Legend: M Ferrite sheet not beneath the coils
M Ferrite sheet beneath the coils

Fig. 4. Distribution of ferrite sheets.

AC excitation, the greater the core loss. So, the ferrite sheets
under the coil are divided into two classes based on whether
they are directly below the coil, as shown in Fig. 4.

Then, the amount of these two types of sheets in the orthogonal
table is separately counted. The influence of the two types
of sheets on the ratio of AC resistance to DC resistance is
calculated using the multiple linear regression method. Three
sets of data are added to improve accuracy. The result of multiple
linear regression after excluding outliers obtains the following
equation:

Rac = (0.42a + 0.18b 4 0.96) Raco

RACO = 2.06 * RDC — 15.59. (13)

R A refers to the AC resistance of the coil with a ferrite coil,
Raco refers to the AC resistance of the coil without a ferrite
coil, and Rp refers to the DC resistance of the coil according
to (11)—(13). Parameter a refers to the proportion of ferrite sheets
beneath the coil to the maximum number. In contrast, parameter
b refers to the proportion of magnetic cores not beneath the coil
to the maximum number of ferrite sheets. The maximum number
of magnetic cores means the number of ferrite sheets required
to fill the outer dimensions of the coil (calculated in rectangles).

The procedure of resistance estimation is as follows.
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Fig. 5. Calculated and measured loss of coils in different conditions.

1) Make some coils with different numbers of turns and
ferrite core distribution.

Calculate DC resistance using (9)—(12) and measure the
AC resistance using an LCR meter.

3) Calculate the ratio between the AC and DC resistance.

4) Divide the cores into two types, as shown in Fig. 4.

5) Multiple linear fittings are used to calculate coefficients

and complete the resistance estimation model, such as
(13).

Also, the loss of coils in different conditions is analyzed. A
WCS with nested coils is taken as an example. The result is
shown in Fig. 5, and (5) and (6) are used to calculate the loss.

As shown in Fig. 5, the difference between the calculated
and measured power loss is insignificant, and the trend is the
same, further verifying the accuracy of the proposed resistance
estimation model. The proposed method is more simple than the
model-based methods and is more accurate than the FEA-based
methods.

2

~

IV. MULTIOBJECTIVE OPTIMIZATION WITH PREFERENCES
BASED ON T-NSGAII

As the exhaustive method requires a lot of time and single-
objective optimization algorithms struggle to balance multiple
optimization objectives, multiobjective optimization is used to
balance multiple optimization objectives. However, as the num-
ber of optimization objectives increases, the density of indi-
viduals on the Pareto front will decrease, and it may not even
be easy to find individuals who meet the requirements. So, the
T-NSGAII combined with LHS is used to increase the density
of individuals that meet the requirements, and the principle of
T-NSGALII is analyzed as follows.

A. Analysis of T-NSGAII

NSGA-II method is a widely used multiobjective optimiza-
tion. In the NSGAII method, each parameter combination is
considered an individual, such as a GA. Nondominant sorting
is used to achieve multiobjective optimization. Then, individu-
als are ranked according to their dominant relationships, and
individuals at higher levels of dominance are prioritized for
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Preferred region

v

Ji

Fig. 6.  Sorting layer and preferred region of T-NSGAII.

selection. Then, for individuals at the same level of dominance,
those far away from other individuals will be prioritized for
selection. Therefore, a uniform distribution of individuals on
the Pareto front is achieved.

However, as mentioned above, the density of individuals on
the Pareto front will decrease when the number of optimization
objectives increases, and it is difficult to add more individuals
in one generation. The T-NSGAII method is used to solve this
problem, and a preference region decided by the researchers is
used to restrict the individual distribution area to increase the
density of individuals.

For the optimization of WCS, the preferred region can be
defined as the range of mutual inductance, the range of magnetic
coupler’s resistance, or the range of other parameters that affect
WCS performance. In this article, the aligned mutual inductance,
fluctuation of mutual inductance, and resistance of the magnetic
coupler are used as goals to be optimized. Also, their range is
defined as the preferred region.

The individuals within the preferred region are prioritized
and selected, and (14) is used to judge whether an individual is
winning the preferred region

Vaj;, (ibot - ai)(ilop - ai) <0 (14)
where i, and i refer to the top and bottom limit of the
preferred region of the i-th parameter, and a; refers to the i-th
parameter value of the individual.

Three methods rank the individuals and select individuals
for cross and mutation. The first one is nondominated sorting,
which means that if there is a dominant relationship between two
individuals, they will be placed at different levels. The dominant
relationship can be shown in (15) when assuming the lower
parameter value is better, where a and b refer to two individuals,

and a; and b, refer to their i-th parameter values.

Vie N,a; < b;,a > b. (15)

Fig. 6 shows the rank layer and preferred region of the
individuals. Individuals in layer 1 have the highest priority when
selecting individuals for the next iteration. The next is layer 2;
layer 3 has the lowest selecting priority in the figure.
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The second one is sorting based on preference regions and
distance. For individuals in the same layer, those within the
preferred region have higher priority. The distance between the
individual and the region’s center is used for the individuals out
of the preferred region as follows, as shown in (16), where dis
refers to the distance between the individual and the region’s
center:

if @ is in the region
else

—1
dis = " - . (16)
" \/2121 (ai - Zcent)2

The third one is the crowding distance or the shared distance.
The minimum Euler distance between individuals can be ob-
tained for both of them, which can be obtained by (17) where
dis refers to the Euler distance between individuals.

Crowding distance separates individuals when there are
enough individuals within the preferred region. In this case,
individuals far from others have a higher priority in being
chosen. Shared distance separates individuals when there is no
individual in the preferred area. In this case, crowding distance
may drive individuals distributed throughout the entire Pareto
front, which is unsuitable. So, a predefined value, or shared
distance, separates individuals. The individual with a minimum
Euler distance less than the shared distance has a lower priority
in being chosen.

dis = \/ZT_Ll (bZQ — aﬂ).

Cross mutation generates the next generation after choosing
individuals according to the above methods. In this article, linear
crossover and polynomial variation are used.

In addition, LHS is chosen to generate the initial population
to achieve more uniform sampling. All feasible combinations
can be seen as sampling space, and each selected combination
of parameters is seen as a dot. The sampling space is divided
evenly into several layers based on the number of samples. Then,
randomly sample each layer and ensure each layer is considered.
Latin hypercube reduces the number of sampling points and the
time cost of the slow FEA process.

The procedure of the optimization of WCS using the T-
NSGAII method is shown as follows.

1) Initialize all algorithm parameters, including maximum

iteration, current iteration, parameter m, etc.

2) Define preference regions, calculate the center point, and
define the dispersion factor.

3) Generate the initial population of individuals using the
LHS method.

4) Analyze the performance of the individuals based on FEA
software and calculate their fitness based on the simulation
result.

5) Nondominant sorting is used to rank and select the indi-
viduals with a higher dominant level, as shown in Fig. 6.

6) To select individuals of the lower rank, determine whether
they are in the preferred region using (14) and (16) and use
crowding distance or shared distance to rank individuals
as shown in (17).

a7
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Flowchart of the proposed method.

End

Fig. 7.

7) Select the remaining individuals based on the abovemen-
tioned methods.

8) Judge whether the stop condition is met. If the stop con-
dition is met, stop the algorithm and output the results.
Otherwise, add 1 to the number of iterations and use cross
and mutation to generate the next iteration. Then, go back
to step 4).

The flowchart of the proposed method is shown in Fig. 7.

For the optimization of WCS, parameters such as the number

of turns, size of coils, and distribution of ferrite cores can
influence the system’s performance. So, these parameters can
be optimized. Aligned mutual inductance and mutual inductance
fluctuations caused by misalignment are widely used evaluation
indicators of antimisalignment ability. As analyzed above, coil
resistance has a significant impact on coil loss. So, they can be
selected as goals of optimization.

B. Magnetic Coupling Structures Optimization Based on
T-NSGAII

The optimization of the nested coils is taken as an example.
The parameters that need to be optimized are the turns of the
outer coil on the transmitter side or N/, the inner coil turns of
the transmitter side or N2, the turns of the receiver side or NR,
the transmitting distance or H, and the size of the receiver side or
LR. The link between coil parameters and optimized parameters
is shown in Fig. 8. Because parameters NI, N2, and NR are
turns of coils, they should be integers, and their range is 1-19.
The range of parameter LR is 150-230 mm, and the stepping is
10 mm, while the range of H is 30—70 mm, and its stepping is
also 10 mm.
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LR refers to the size of
receiver coil

N2 refer to the turns of inner

NR refer to the turns coil in transmit side

of receiver coil

N1 refer to the turns of outer
coil in transmit side

L . t H refers to the transmit distance

Fig. 8. Parameters of the coil need to be optimized.

When the parameters are out of range, the following strategies
are used to make them within the range. If the parameters N1,
N2, or NR are not integers, round them to the nearest integer, and
if the parameter is larger than 20 or smaller than 1, a random
integer between 1 and 20 is used to replace it. If the parameters
LR and H are not multiples of 10, the nearest multiple of 10
is used to replace them, and if they are out of range, a random
multiple of 10 within the range is used to replace it.

Three optimization goals are used. According to the analysis
in Section II, the goal of mutual inductance is 19.5 pH, and
mutual inductance fluctuation in the range of 120 mm is chosen
as the second goal based on the characteristics of magnetic
coupling structures. Equations to calculate the two goals are
given as follows:

 My—195
G = TO
G2 _ max((Mmam - M0)7 (MO - Mmzn)) (18)

My

where M refers to the aligned mutual inductance, and M, 4,
and M,,,;,, refer to the range’s maximum and minimum mutual
inductance. As mentioned in Section II, the loss of magnetic
coupling structure is positively correlated with the resistance of
the transmitting and receiving coils. Therefore, the resistance of
the transmitting and receiving coils is considered as one of the
optimization goals. The equation used to calculate the resistance
of the transmitting and receiving coils is shown in (13). As
the parameters of the magnetic coupling structure are shown
in Fig. 8, the length of the Litz wire is obtained as
N1
LT1=4) (300 —5(i — 1))
i=1
N2
LT2 =4 (150 — 5(i — 1))
i=1
NR
LR1=4) (Lg—5(i—1)).
i=1
The LTI, LT2, and LRI are the length of the Litz wire used to
make these coils. Because only the transmitting side has a ferrite
core, the resistance of the magnetic coupling structure satisfies

19)
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Coils

Ferrite sheet
bencath the coils

Remaining
ferrite sheet

Fig. 9.  Structure of the transmitter coil and the distribution of ferrite.
TABLE VI
PARAMETERS OF THE T-NSGAII ALGORITHM
Parameter Value
Maximum number of iterations 25
Number of initial individuals 25
Number of other individuals 36
Preferred region Cuboid, from (0, 0, 0) to (0.3,
0.25,0.6)
Dispersion factor 0.05

(20) according to the analysis in Section III, and the structure of
the transmitter coil and the distribution of ferrite are shown in
Fig. 9. As shown in Fig. 9, the total number of ferrite sheets is
36 while 32 of them are beneath the coil and 4 of them are not.
So, parameter a is 0.89, and parameter b is 0.11, as Section I1I-B
mentions. According to (13), the resistance of the transmitting
coil with magnetic core is increased by 35% compared to the
coil without magnetic core.

Ry, = 1.35(17.86(LT1 + LT2) — 15.59)
Rp, = 17.86LR — 15.59

G3 = Rry + Rpe. (20)

The preferred region of aligned mutual inductance, or G4,
is set to less than 0.3, and the region of mutual inductance
fluctuation, or G, is set to less than 0.25. The preferred region of
resistance of the coupler, or G, is set to less than 0.6 to increase
the efficiency. Other parameters of the algorithm are given in
Table VI, and the number of initial individuals is set to 25 to
simplify the LHS progress.

When the algorithm meets the end condition, some individuals
in the preferred region are given in Table VII, and the bolded and
italic individual is chosen for the experiment. The definitions of
parameters are shown in Fig. 8.

The fitness of the individuals is shown in Fig. 10, and the
preferred region is shown in the blue cube. As the figure shows,
individuals become increasingly concentrated within their pre-
ferred region as the algorithm progresses and are evenly dis-
tributed within the region.

The traditional NSGAII method is used to optimize the same
coil for comparison. Parameters of both methods are set to the
same, including number of individuals, probability of crossover
and mutation, and maximum number of Iterations. When the
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TABLE VII
SOME OUTPUT RESULTS OF THE T-NSGAII ALGORITHM
Parameters Goals
Number
LR NI N2 NR G G, Gy
1 30 220 8 4 17 029 0.22 0.42
2 30 220 8 4 19 029 0.18 0.44
3 30 230 11 11 15 0.14 0.16 0.56
4 30 220 12 13 14 03 0.06 0.57
5 40 220 10 6 19 0.15 0.2 0.51

e Jteration O
e Iteration 5
¢ Iteration 10
o Iteration 15
¢ Iteration 20
e Iteration 25

Fig. 10.  Fitness of the individuals as the algorithm progresses.
14 F  —a— Number of NSGAII
12 —o— Number of T-NSGAII
)
g10 F
2
S
= 8k
2
“ 6
©
g4
24F
E
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o0k
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0 5 10 15 20 25
[teration number
Fig. 11.  Number of individuals in the preferred region of the two algorithms.

algorithm meets the end condition, the number of individuals in
the preferred region of the two algorithms is shown in Fig. 11,
where the red line shows the number of T-NSGAII while the
blue line shows the number of NSGAII.

As shown in Fig. 11, although the traditional NSGAII al-
gorithm has good convergence performance, most individuals
are out of the preferred region. Instead, they concentrated on
the Pareto front and distributed evenly. Some of the individual
outputs of the two methods are given in Table VIII. In the table,
coils 1 and 2 are output by the T-NSGAII method, while coils
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TABLE VIII
SOME INDIVIDUAL OUTPUTS OF THE TWO METHODS

H L2 N1 N2 NR Gl G2 G3
Coill 30 230 11 11 15 0.14 0.16 0.56
Coil2 30 220 12 13 14 0.3 0.06 0.57
Coil3 30 230 6 1 20 0.01 0.45 0.37
Coil4 40 200 15 14 13 0.29 0.14 0.62
Coil5 30 200 8 2 16 0.29 0.34 0.36
320 100
300 F 05
280 F 1
~260F 490
%240 - 9
z20f 185 =
B : g
gzoo-__.----'_ TS\ g0 B
*2'180 [ ——Pyofcoil 1. .. nofcoil 1 - E
0160- —v—Pyofcoil 2 - - - nofc()ilz 475
140 —+—P,ofcoil 3 - - - yofcoil 3
120 —e—P,ofcoil 4 - - - nof coil 4 470
100 ) —=— P, of coil 5 - - - n0fcoil 5. .
0 20 40 60 80 100 120
Misalignment distance (mm)
Fig. 12.  Output power and efficiency of the coils.

3-5 are output by the traditional NSGAII method, and G1-G3
refers to the optimization goals.

As given in Table VIII, coils 3-5 have different preferences,
which is also a characteristic of the NSGAII method. However,
none of them are in the preferred region. On the other hand,
coils 1 and 2 have a more balanced performance, and both are
in the preferred region, which is a characteristic of the proposed
T-NSGAII method. When misalignment occurs, the above coils’
simulated output power and efficiency are shown in Fig. 12,
where P, refers to the output power and 7 refers to the efficiency.

As shown in Fig. 12, coil 1 has minor power fluctuation
and has higher efficiency, with the highest efficiency when the
misalignment distance is 120 mm. Although coil 2 has the
slightest power fluctuation, the efficiency is less than coil 1.
Although coils 3 and 5 have high aligned efficiency, they quickly
decrease when misalignment occurs, mainly because of their
large mutual inductance fluctuation. Coil 4 also has slight power
fluctuation, but the efficiency is low because the resistance is
large and aligned mutual inductance is low.

So, coil 1 is selected for experimental verification, and its
mutual inducement when misalignment occurs with areasonable
misalignment range is shown in Fig. 13. The area enclosed by
the black dashed line is a reasonable range of misalignment. It
reaches 40% of the size of the transmitting end in both the x and
y directions.

According to the result of the optimization experiment, the
T-NSGAII method is considered an algorithm that can increase
individual density within preference regions without increasing
computational complexity. More individuals in the preference
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Fig. 13.  Mutual induce when misalignment occurs with reasonable misalign-
ment range.

Fig. 14.  Experimental setup of the designed system.

region are achieved compared to the traditional NSGAII algo-
rithm, and much less computation is achieved compared with the
enumeration method. The proposed method only requires 900
datasets to generate enough individuals within the preference
area. Compared to the 200 000 sets required by the exhaustive
method, the T-NSGAII method has achieved optimization with
only 0.45% of data.

V. EXPERIMENTAL VERIFICATION
A. Experimental Setup

A 300 W experimental setup of a WCS with nonresonant SS
compensation that operates at an open-loop state is shown in
Fig. 14. Note that this setup mainly validates the feasibility and
the optimization result. The control system can be added based
on actual needs. The transmitting side contains an inverter with
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TABLE IX
SYSTEM PARAMETERS OF AN EXPERIMENTAL PROTOTYPE

Symbol Parameter note Value
Upus System DC bus voltage 50V
I Working frequency 85 kHz
L; Transmitter coil inductance 142.6 yH
R; Transmitter coil resistance 345.9 mQ
Cl Compensation capacitance of the 25 nF
transmitter
L, Receiver coil inductance 96.7 uH
R, Receiver coil resistance 190.7 mQ
c2 Compensation capacitance of the 36 nF
receiver
M Mutual inductance 17.67 uH

TABLE X
MEASURED AND CALCULATED RESISTANCE OF THE NESTED COIL

Parameter Measured (m€) Calculated (mQ) Error (%)
R, 345.9 370.95 72
R, 190.7 188.97 0.9
Roum 536.6 559.92 43
0.16
oo
0.14 F °
20.12 -
20.10 F ®
o °
2008} . oo
<
>
bl . LA -
E o e
R )
o4 . .
° °
0.02 | °.° o o o
0.00 ¢
0 5 10 15 20 25 30
Sample number
Fig. 15.  Error absolute value of different coils.

four MOSFETs (STW48N65DM?2) and a driver chip (EG2113S).
The receiver side contains a rectifier, including four diodes
(NTSB40120CTG) with low forward voltage.

All of the coils are made by Litz wire with a diameter of
2.5 mm, and the compensation topology includes two sets of
nonpolar capacitors. Thin film capacitors are used to increase
current capacity. The ferrite core is made of a PC95 ferrite
sheet, and the sheet size is 53 mm#*53 mm=*2.5 mm. The DC
power supply and DC electronic load used to test the output
performance of the designed WCS are [T6526C and IT8524B+-,
manufactured by ITECH. The main system parameters are listed
in Table IX.

B. Experimental Results Analysis

The resistance of nested coils is also calculated using (20). Its
error is given in Table X , where R; refers to the resistance of
the transmitting coil, Ro refers to the resistance of the receiver
coil, and Rg,, refers to the sum of the above two, similar to the
optimization result given in Table VII. Then, the resistance of
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Experimental results of mutual inductance versus misalignment dis-

The absolute value of the error is shown in Fig. 15. The
average error is about 5.04%, as indicated by the black dashed
line, and the maximum error value is about 14%.

Also, the loss of the magnetic coupler with nested coils
under different loads is measured and calculated by (5) and
(6). The results are shown in Fig. 16 . As the figure shows,
the measured AC loss is close to the calculated result and has
similar trends, indicating that the proposed resistance calculation
method applies to the estimation of different coil resistances and
losses.

Combined with the horizontal misalignment range shown in
Fig. 13, Fig. 17 shows the measured mutual inductance of the
magnetic coupler. Because of the symmetry of the magnetic
coupling structure, its mutual inductance exhibits similar be-
havior in the x and y directions. Therefore, the impact caused by
the misalignment in the x direction was tested. VC4092E LCR
meter made by Victor is used to measure the self-inductance in
Table X, and the mutual inductance can be obtained based on
(21), following the steps below:

1) Measure the self-inductance of the transmitting and re-
ceiving coil separately and denote them as L; and Lo,
respectively.

2) Short-circuit the receiving coil, measure the self-
inductance of the transmitting coil currently, and denote



13972

Output power (W)
140 300.0
120 295.0
100 290.0
285.0
80
g
g 280.0
> 60
© 275.0
40 270.0
20 265.0
0 260.0
0 20 40 60 80 100 120 140
ax (mm)
(a)
Output efficiency (%)
140 90
120
88
100
80 86
g
&
= 60 84
40
82
20
0 80
0 20 40 60 80 100 120 140
ax (mm)
(b)
Fig. 18.  Experimental results of output power and efficiency.

3) Calculate the mutual inductance using the following equa-
tion:

(L1 — Lis)Lo. 21)

The measured mutual inductance and its fluctuation are shown
in Fig. 17. The fluctuation of mutual inductance is about 15%
when the misalignment distance is 120 mm, which is 40% of
the size of the transmitter. Also, it is similar to the result of
simulation.

Fig. 18 shows the output power and efficiency under the
misalignment when the load is 25 €2. Due to the symmetry of
the magnetic coupling structure, it has similar antimisalignment
characteristics in all four quadrants. The maximum output power
fluctuation is about 5% and maintained the efficiency of more
than 80% in the range of 120 mm, similar to the result shown in
Figs. 12 and 13.

Fig. 19 shows the output power and its fluctuations of resonant
and nonresonant systems. The output power fluctuation of the
nonresonant system is much lower than the resonant one, similar
to the result shown in Fig. 2.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 10, OCTOBER 2024

500
—#— Output power of proposed WCS
—e— Output power of resonant system
450
3
5 400 |
z
o
a
2350}
=
o
300
250 L L L L L L L L
200 20 40 60 80 100 120 140 160
misalignment distance (mm)
Fig. 19.  Experimental results of output power.

ANAN __:}__ :
S

Phase difference 32.1°

@ﬁ “~ Phase dnf[‘erence 41. 5o
a)

y ax-120mm—'~‘°' @EE=R

oEmE

o | 2 B

1 e o

o

@ L@ Phase difference 31.1°

Fig. 20. Experimental waveforms when ax = 0 mm and 120 mm. (a) R, =
25Q.(b)R, =102

@ “:'T- Phase difference 24. 8°

The result also shows the optimized nonresonant WCS’s
antimisalignment ability, and the system’s waveform is shown
in Fig. 20, showing the nonresonant characteristics and an-
timisalignment ability of the optimized WCS.

Closed-loop experiments were used to verify the applicability
of the optimized WCS. After adding the necessary sensors and
controllers, the system achieved CC/CV charging, and the output
waveform is shown in Fig. 21, which shows the fast response
and slight overshoot when the load changes. Moreover, Fig. 21
also shows the nonresonant characteristics of the system.

Although the accuracy of the proposed resistance estimation
is limited by the accuracy of measuring the resistance of a given
coil, the accuracy of shape, and the accuracy of power mea-
suring, the simulation and experimental results are consistent,
and the error in resistance estimation is relatively small, proving
the applicability of the proposed resistance estimation method.
The proposed optimization method can also increase individual
density within the preferred region without increasing com-
putational cost. The optimized nonresonant WCS can achieve
antimisalignment ability under specific loads.
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Also, the proposed resistance estimation and optimization
methods can be applied to other systems, such as different coil
shapes and resonant systems. Finally, it should be noted that se-
lecting a preference region may require experience, and expand-
ing the optimization method’s applicability is our future work.

VI. CONCLUSION

This article proposed a method for estimating the resistance
of coils with magnetic cores, which was used to analyze the
losses of WCS compensated by nonresonant SS. The working
principle of nonresonant SS-compensated WCS was analyzed,
and its antimisalignment ability was also analyzed. Meanwhile,
a preference-based multiobjective optimization algorithm (T-
NSGAII) was proposed to optimize WCS. The multiobjective
optimization of nested coils was used as an example. The
resistance model was established as one of the optimization
objectives, combined with the positive mutual inductance and
antimisalignment ability to obtain the optimization goal. Then,
preference-based multiobjective optimization of the magnetic
coupler was obtained, and one group was selected for experi-
mental verification. The results show that under a load resistance
of 25 2, when the misalignment distance is less than 40% of the
transmitter’s width, the output power fluctuation is less than 5%,
and the efficiency can be maintained at over 80%.
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