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Abstract: For an inductive power transfer system, high transfer quality factor means that the system
can obtain large theoretical transmission efficiency. In this paper, a method of coil optimization
in a limited space to improve the transfer quality factor for a series-series compensated inductive
power transfer system is presented. High transfer quality factor in a limited space can be achieved
by determining the optimal number of turns with equal turn spacing coil, and then optimizing
the distance between adjacent turn. The results of finite element simulation and experimental
measurement show that the method proposed in this paper can obtain a higher transfer quality factor
than the conventional method of winding coil with equal turn spacing. The method proposed in this
paper can be used to guide the optimal design of coils in a limited space.

Keywords: transfer quality factor; inductive power transfer; coil; optimization

1. Introduction

Recently, wireless power transfer (WPT) has been widely used because there is no need
for wire connection between power supply and equipment [1,2]. Numerous approaches for
WPT have been explored, including laser WPT [3], microwave WPT [4], capacitive WPT [5],
and inductive WPT [6]. The inductive WPT technology based on magnetic coupling can also
realize power transmission under misaligned conditions [7]. Therefore, it is favored in some
scenes where it is difficult to use wired power supply, such as industrial manufacturing
facilities, autonomous underwater vehicles, and medical implants.

An inductive WPT system usually consists of a transmitter that generates alternating
current to obtain alternating magnetic field in the primary coil and a receiver that converts
the induced magnetic field into electric field. A compensation network is usually needed for
efficient power transmission. The common basic compensation networks of inductive WPT
system include series–series (S-S) compensation [8], series–parallel (S-P) compensation [9],
parallel–series (P-S) compensation [10], and parallel–parallel (P-P) compensation [11]. In
order to realize soft switching and improve the efficiency of the system, the above basic
compensation topologies are often combined, such as LCC-S [12], double-sided LCC [13],
double-sided LCL [14], etc. S-S compensation network is widely adopted because it is
simple and easy to tune. In addition to the compensation network, there are also research
on control methods [15], simultaneous transmission of power and data [16], and design of
electromagnetic coils for the WPT system.

The design of coil belongs to the structural design of magnetic material. The content
of optimization design includes not only the selection of magnetic material, but also the
optimization design of structure. The use of magnetic material can enhance the coupling
between coils and reduce the leakage of magnetic field. Once the magnetic material is
determined, only the reasonable design of the size and shape of the coil can change the
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coupling characteristics between magnetic materials. Therefore, a large number of scholars
are devoted to the optimal design of electromagnetic coils [17–22].

In [18], a design algorithm of circular planar coil is proposed for achieving uniform
magnetic field distribution in WPT applications. The adjustment of magnetic field distri-
bution is realized by optimizing the turn spacing of the coil composed of 15 turns. In [19],
the transfer quality factor affecting the characteristics of power transmission efficiency
is proposed. It shows that the larger the transfer quality factor, the higher the transfer
efficiency. Through the multi-objective optimization of the outer diameter, the number
of turns and turn spacing of the coils, coils with high ratio of mutual inductance to coil
resistance is obtained in [20]. However, it only gives the optimization steps of equal turn
spacing coil, and does not give how to select the number of turns and turn spacing in a
limited space. In [21], quality factor and coupling coefficient are optimized for WPT coil
design. Although the quality factor and coupling coefficient of the coils can reflect the
theoretical maximum energy transmission efficiency that the system can achieve, a single
improvement of the quality factor or coupling coefficient can not necessarily make the
system obtain the maximum theoretical transmission efficiency. In [22], a simplified design
equations to calculate the self inductance, resistance, quality factor and coupling coefficient
in terms of coil geometries is proposed for optimizing coil size ratios. For a desired trans-
mission distance, the efficient power transmission can be realized by optimizing coil size
ratios of the primary and secondary coils. In [23], genetic algorithm is used to optimize the
coil array. The “null zones” can be better solved through the optimization of the coil array,
so as to improve the energy transmission efficiency under the worst working condition
by forty percent. In [24], an optimal hollow coil is proposed to supply stable power and
minimize the size of wireless capsule endoscope. The most obvious disadvantage of WPT
compared with wired power supply is its energy leakage, and the electromagnetic coils are
the key part affecting the magnetic flux leakage. Although there have been many related
studies on the optimal design of coil, there is still no good guidance on how to select the
number of turns and the turn spacing in a limited space. In this paper, we analyze the key
factor affecting the energy transmission efficiency aiming at the common inductive power
transfer system with S-S compensation. The study of literature [19] shows that the larger
the transfer quality factor is, the higher the theoretically achievable energy transmission
efficiency is. In order to improve the transfer quality factor of the coil, it is mainly necessary
to improve the ratio of mutual inductance to resistance of the coil. We define the coil
design problem in a limited space as a constrained optimization problem. A pair of circular
coils with the same structure and placed coaxially is taken as an example to illustrate the
optimization process. Firstly, the optimal number of turns is determined based on the coil
with equal turn spacing, and then the distance between adjacent turn is further optimized
by genetic algorithm, so as to obtain the optimized number of turns and turn spacing.
Higher transfer quality factor can be obtained compared with equal turn spacing coils
according to the optimization steps proposed in this paper. The method proposed in this
paper can be used to guide the optimal design of coils in a limited space.

The organization of this paper is as follows. In Section 2, the transfer quality factor
of the coils is derived, and the influence of the transfer quality factor on the theoretical
maximum power transmission efficiency is studied. In Section 3, the steps of optimization
in a limited space are given taking the coaxial plane circular coils as an example. In Section 4,
the results of finite element simulation and experimental results are compared. Finally, the
important conclusions are summarized in Section 5.

2. Problem Formulation

The equivalent circuit of the S-S compensated topology is depicted in Figure 1, where
Lp, Ls are the inductances of the transmitting and receiving coils; Rp and Rs are, respectively,
the parasitic resistance of the primary and secondary loop; Re represents the equivalent
load resistance; Capacitors Cp and Cs are connected in series with each coil for realizing the
tuning of the circuit; M is the mutual inductance between the two coupling coils; Us is the
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input voltage vector; Ip and Is are the current vector of primary and secondary loop. The
system is described as follows by the Kirchhoff’s Voltage Law.

Us = (Rp + jωLp +
1

jωCp
)Ip + jωMIs

0 = jωMIp + (Rs + jωLs +
1

jωCs
+ Re)Is

(1)

CsCp

Rp Rs

Inverter

M

Lp Ls

Equivalent load

Ip Is

Us

Coupling and compensation part

Figure 1. Equivalent circuit model of S-S compensated topology.

Assuming that the operating frequency is equal to the resonant frequency of the
transmitting and receiving resonators, i.e., f = 1

2π
√

LpCp
= 1

2π
√

LsCs
. Thus, the reflected

impedance from the receiving loop to the transmitting loop can be expressed as follows:

Zre f =
(ωM)2

Rs + Re
(2)

The power transmission efficiency of the circuit can be obtained by the product of the
efficiencies on the transmitting and receiving loop, expressed as:

η =
Zre f

Rp + Zre f

Re

Rs + Re
=

( ωM√
RpRs

)2

1 + Re
Rs

+ ( ωM√
RpRs

)2

Re
Rs

1 + Re
Rs

=
T2

Q

1 + RM + T2
Q

RM
1 + RM

(3)

where TQ = ωM√
RpRs

represents the transfer quality factor and RM = Re
Rs

. By letting ∂η
∂RM

= 0,

the optimal RMopt to obtain the maximum transfer efficiency is:

RMopt =
√

1 + T2
Q (4)

The theoretical maximum transfer efficiency can be expressed as [19]:

ηmax = (
TQ

1 +
√

1 + T2
Q

)2 (5)

It can be seen from Figure 2 that the theoretical maximum transfer efficiency increases
with TQ. The efficiency increases rapidly with the increase of TQ when TQ is small. However,
the increase of efficiency gradually slows down when TQ increases to a threshold. Assuming
that the coil and compensation capacitance of the primary and secondary have the same
parasitic parameters, TQ can be rewritten as:

TQ =
ωM

R
(6)

where R = RP = RS. Obviously, TQ can be improved through maximizing M/R when
ω remains constant. Since the working frequency of WPT system usually needs to meet
relevant standards, f = 85 kHz is selected in this paper, which is also the specified frequency
of wireless charging for electric vehicles [12]. Assuming that the parasitic resistance of the
compensation capacitor used for circuit tuning is constant at this frequency, the problem
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becomes how to optimize the design of the coil to maximize the ratio of mutual inductance
to resistance to improve the transfer quality factor.
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Figure 2. Theoretical maximum transfer efficiency varying with TQ.

Circular and rectangular coils are often used because of their simple structure and
symmetry. The coils can usually obtain the best coupling without misalignment. When
winding a coil in a limited space, the usual practice is to wind the coil at equal intervals
from outside to inside along the outer edge of the mechanical structure. In this way, the
coils can be ensured to have the largest size as possible to ensure the full coupling between
the coils. Large coil size can indeed enhance the coupling between the coils, but the increase
of the number of turns will also increase the resistance of the coils, which will affect the
theoretical maximum transfer quality factor. In this paper, we take the circular planar coil as
an example to introduce how many turns the coils should be wound and how to determine
the distance between adjacent turn in order to maximize the transfer quality factor in a
limited space. The two-dimensional axisymmetric model of planar circular coil is shown in
Figure 3. It is assumed that the vertical distance between the two coils is a constant and the
coils are placed coaxially, an objective function is established as follows.

d1

di

dj

dN

d1

di

dj

dN

Z

Z0

r0

Figure 3. Two-dimensional axisymmetric model of planar circular coil.
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max(ωM(d,N)
R(d,N)

)

dj − dj−1 ≥ m, j = 2, 3..., N

0 < dn ≤ dNmax, n = 1, 2, ...N;

(7)

where d = (d1, d2...dN) is the vector composed of the distance between each turn and the
center of the coil, m represents the minimum distance between adjacent turn, and dNmax
are the radius of the outermost turn of the coil. The optimization problem shown in (7) is
also applicable to the scenario where one coil is fixed in size and only the other coil needs
to be optimized. The parameters related to the optimization design are shown in Table 1.

Table 1. Fixed variables.

Parameters Symbol Value

the working frequency f 85 kHz
the minimum distance between adjacent turn m 1 mm

the vertical distance between the two coils Z0 10 mm
the maximum radius of the outermost turn of the coil dNmax 200 mm

the radius of the wire used to wind the coil r0 1.5 mm

3. Optimization Procedure

The objective of this paper is to study how to design coils to obtain a relatively high
transfer quality factor in a limited space. As shown in (7), if both N and d are taken as
variables to solve the problem, the solution space will be very large, thus in this paper, we
first analyze the variation law of the transfer quality factor of equally spaced coils with
the number of turns and turn spacing. After obtaining the optimal number of turns, we
optimize the turn spacing to further improve the transfer quality factor of the coils.

3.1. Determination of the Number of Turns

In the design stage of the coil, the mechanical structure limits the maximum size of
the coil. When the size of the coil is limited, it is difficult to generate sufficient magnetic
field for a small number of turns, so it is also difficult for the coils to obtain sufficient
coupling for energy transmission. However, although the increase of turns can enhance the
coupling between the coils, too many turns will also increase the resistance of coils due
to the increase of wire length. Therefore, it is necessary to select an optimal number of
turns first.

In the actual system, there is not only the coupling between coils, but also the coupling
between coils and nearby mechanical structures. Finding the analytical solution of coil
resistance and mutual inductance is usually a very complex process, and simulation is a
very useful auxiliary calculation method. We choose the finite element simulation method
to assist the design of the coils. Figure 4 compares the performances of the coils wound at
equal intervals with different turns and turn spacing based on the finite element simulation
software COMSOL. Here, the excitation frequency is fixed at 85 kHz, which meets the
relevant standards of WPT. The structure of the primary coil and the secondary coil are
completely consistent. Other parameters related to the optimization design are illustrated
in Table 1. It is apparent that mutual inductance and resistance are proportional to the
number of turns when the distance between adjacent turn is constant. Large mutual
inductance represents the enhancement of coupling between coils, while the increase of
resistance represents the increase of coil coupling loss. With the decrease of the distance
between adjacent turn, large mutual inductance can be obtained under the same number of
turns. Nevertheless, the decrease of the distance between adjacent turn will increase the
coil resistance.
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Figure 4. (a) Curve of resistance with turn number N and the distance d between adjacent turn. (b)
Curve of M with turn number N and the distance d between adjacent turn.

The ratio of mutual inductance to resistance increases first and then decreases with the
distance between adjacent turn or the number of turns as shown in Figure 5. The optimal
number of turns of the coil with different turn spacing is also different. However, for the coil
wound with equal turn spacing, the ratio of mutual inductance to resistance corresponding
to the optimal number of turns reaches the maximum value when the distance between
adjacent turn is 5 mm and the number of turns is 14. Therefore, we choose the optimal
number of turns as 14 for further optimization.

Figure 5. (a) Curve of transfer quality factor with turn number N and the distance d between adjacent
turn. (b) Transfer quality factor corresponding to the optimal number of turns Nopt under different
turn spacing d.

3.2. Optimization of the Distance between Adjacent Turn

After the number of turns is determined, the problem degenerates into a single ob-
jective optimization problem under constraints, that is, maximizing ωM(d)/R(d). There
are many methods to solve constrained optimization problems, such as genetic algorithm,
particle swarm optimization algorithm, simulated annealing algorithm and so on. Different
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optimization algorithms have different computation and performance. We choose genetic
algorithm to solve the optimization problem in this paper. Genetic algorithm is a random
search optimization algorithm that simulates biological genetic mechanism and natural
selection. Its main feature is to take the coding of decision variables as the operation object,
take the fitness function as the search information, and realize global optimization by using
the information interaction between population evolution strategy and individuals. As
shown in Figure 6, the steps of optimizing the distance between adjacent turn using genetic
algorithm are as follows:

Start

Generate population 

Evaluate the fitness

Whether the maximum 

generation is reached 

Output the vector d

Stop

Selection

Crossover

MutationCalculate R/M

Yes

No

Figure 6. Optimization procedure of the distance between adjacent turn.

Step-1: Population initialization: At the beginning of the genetic algorithm optimiza-
tion process, each variable gets a random value in the constraint interval. These variables
are called genes, so di is called gene in this case, and the vector d composed of di is called
chromosomes. The population is initialized by generating many sets of chromosomes by
the above method. The size of population will not only affect the performance of opti-
mization, but also affect the convergence speed of the solution. The larger the population
size, the more difficult it is for individual optimal solutions to dominate the evolution
direction of all solutions. The smaller the population size, the slower the speed of finding
the optimal solution. The size of population size is related to the complexity of individual
genes. Therefore, the selection of population size usually needs to make a compromise
between the amount and the accuracy of calculation. In this case, the specific scale of
population is determined by trial and error.

Step-2: Chromosome fitness: Individual fitness refers to the measure of individual
dominance in population survival, which is used to distinguish between good and bad
individuals. Fitness is calculated using fitness function. Since the MATLAB optimization
toolkit used later can only find the minimum value of the objective function, we modify
the optimization objective to R(d)/M(d). The smaller the objective function R(d)/M(d),
the higher the fitness. Firstly, we sort the values of each individual corresponding to the
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objective function from small to large, and then the fitness of each individual is described
as 1/

√
r corresponding to the sorting position r.

Step-3: Selection: In order to improve the average fitness of the population, it is
necessary to continuously select individuals from the population as parents. There are
several selection methods. The Stochastic Universal Sampling (SUS) selection method
is used here. Assuming that the size of the population is N, we calculate the selection
probability of individual i as:

pi =
Fi

N
∑

k=1
Fk

(8)

where Fi represents the fitness of the ith individual. As shown in Figure 7, all individuals
are mapped to a continuous line segment, and the length of each individual on the line
segment is directly proportional to the selection probability of the individual, that is, the
line segment occupied by the individual with high selection probability is long, and the line
segment occupied by the individual with low selection probability is short. The individual
of the next generation is obtained by sampling the whole line segment at an interval of
1/14 through a pointer. If the pointer points to that area, the corresponding individual is
selected as an individual of the next generation population.

P
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P
o
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r1
4

P
o
in
te
r2

P
o
in
te
r3

P
o
in
te
r1
3
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Individual

Figure 7. Schematic diagram of SUS principle.The red numbers in the figure are only used to illustrate
the principle of this method.

Step-4: Crossover: After selection, individuals with high fitness are selected as parents.
In order to generate new individuals and continue to optimize, that is, to generate new
search space to find the best individual, the genes of the selected parents must be exchanged
to generate new individuals. Genetic algorithm cuts the crossover point by a random
generator, and generates a pair of new individuals by exchanging cross segments with each
other. In this study, assuming that the pair from the parent generation is xparent1, xparent2,
the child chromosome xchild is calculated using the following formula:

xchild = xparent1 + p ∗ (xparent2 − xparent1) (9)

where p is a random number evenly distributed between [0, 1].
Step-5: Mutation: Mutation operation is an auxiliary method to generate new indi-

viduals. It can improve the diversity of population by mutating genes, so as to enhance
the ability of local search. Crossover and mutation cooperate with each other to complete
the global search of the search space. The general mutation probability is selected within
0.01 [23]. If the mutation probability is too large, it will cause great damage to the solution,
which is easy to lose the optimal solution. If the mutation probability is too small, it is
easy to premature. Therefore, the adaptive mutation method is adopted, and the mutation
probability changes from large to small. Extensive search is carried out at the beginning to
maintain the diversity of the population, and detailed search is carried out at the end to
prevent the optimal solution from being destroyed.

When the iteration reaches the maximum generation, the distance between adjacent
turn and the corresponding mutual inductance and resistance can be obtained.
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4. Results and Discussion

In the Section 3, we have given the determination method of the optimal number of
turns and the optimization steps of turn spacing based on genetic algorithm. We get the
optimal number of turns by the finite element simulation first. Then genetic algorithm
is used to further optimize the turn spacing to improve the transfer quality factor of
the coils. In the optimization process of turn spacing, COMSOL is used to calculate the
fitness function, and the optimization toolbox provided by MATLAB is used to realize
the optimization process based on genetic algorithm. Firstly, a population is randomly
generated by MATLAB, each individual is transferred to COMSOL through the joint
simulation interface of MATLAB and COMSOL, and then the geometry corresponding to
the individual is reconstructed in COMSOL. Finally, the mutual inductance and resistance
of the coils can be obtained through frequency domain simulation. When the maximum
generation is reached, we get the optimized result.

Figure 8 illustrates the evolution of ωM(d)/R(d) through generations. Here, the popu-
lation size is 50 and the crossover probability is 0.8. It can be seen from Figure 8 that the mini-
mum number of iterations required for the convergence of the algorithm is also random when
the same population size and crossover probability are used for repeated calculation, but after
the number of iterations is greater than 230, the algorithm can always converge to the same
level. In order to verify the optimization results of genetic algorithm, we also compare the cal-
culated results with the particle swarm and the pattern search method. The objective function
and constraints in the calculation process are the same as those of genetic algorithm, and the ini-
tial point of search is set as dini = (70, 80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190, 200).
It can be seen from the convergence curves of the three methods shown in Figure 9 that the pat-
tern search method takes more iterations, and the particle swarm optimization algorithm has
fast convergence speed, but the three algorithms eventually converge to the same level. GA
and Pattern search methods can be easily realized by calling the toolkit of MATLAB, while the
constrained particle swarm optimization method can not directly call the toolkit of MATLAB.
The result of convergence is d = (87, 101, 112, 123, 131, 140, 148, 157, 164, 172, 179, 186, 193, 200).
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 M
/R
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Figure 8. Evolution of the genetic algorithm.
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Figure 9. Convergence curve of genetic algorithm, particle swarm, and pattern search.

An experimental study is also performed in order to verify the optimization results.
As shown in Figure 10, the coil is fabricated by 3-mm litz wire which consists of 300 strands
single wires. The two coils are fixed on the acrylic plate. The spacing of the coil is kept
at 10 mm. Measurements have been performed by using the GWINSTEK LCR-8205 LCR
meter(Gwinstek, Suzhou, China). The excitation frequency is set to 85 kHz. The mutual
inductance is measured by the in-phase and the opposing-phase connections of primary
and secondary coils. When the two coils are connected in the same phase, the inductance Ls
can be measured, and when the two coils are connected in opposite phase, the inductance
Lo can be measured, and mutual inductance can be obtained by (Ls − Lo)/4 [25].

Figure 10. Experimental setup.

In order to compare the performance of the optimization method proposed in this
paper, we compare the performance of three kinds of coils. We specify that coil I represents
the coil wound by tight winding method. The spacing of coils is 1 mm and the number of
turns is 20 in order to make as many turns as possible. coil II represents the coil with equal
interval winding method but only the number of turns is optimized, and coil III represents
the optimized coil. The performance comparison is shown in Table 2. It can be seen that
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the measured results are consistent with the simulation results. The optimized transfer
quality factor can be improved by 1.5% compared with the coil I wound by tight winding
method, and 1% compared with the coil II with equal interval winding method but only
the number of turns is optimized. The theoretical maximum transmission efficiency of the
optimized coil can be improved by nearly 0.5% compared with the coil wound by the tight
winding method. It can also be seen from the simulation and experimental results that the
coil wound with litz wire can reduce the skin effect and obtain a higher transfer quality
factor than a single copper wire, which is also an important reason why the measured coil
resistance is smaller than the measured value.

In order to verify the performance of the transfer quality factor of the optimized coil
varying with distance, we compare the optimized coil with the coil wound by tight winding
method at an interval of 10 mm. The results in Table 3 shows that with the increase of the
distance between coils, the transfer quality factor of coils decreases, and the optimized coil
can also obtain a relatively high transfer quality factor compared with the coil wound by
tight winding method.

Table 2. Performance comparison of the coils.

f /kHz Coil N d/mm M/uH R/Ω ωM/R (TQ) ηmax

I (simulation) 20 1 155.9 0.770 108.1 98.17%
II (simulation) 14 5 59.2 0.205 154.1 98.71%

85 III (simulation) 14 d 59.6 0.204 156.0 98.73%
I (measurement) 20 1 154.0 0.751 109.5 98.19%
II (measurement) 14 5 58.4 0.198 157.4 98.74%
III (measurement) 14 d 59.1 0.195 161.8 98.77%

Table 3. Performance comparison of optimized coils with distance.

f /kHz Coil Z0 (mm) ωM/R (TQ) ηmax

I (simulation) 10 108.1 98.17%
I (simulation) 20 105.9 98.13%
I (simulation) 30 100.5 98.0%

III (simulation) 10 156.0 98.73%
III (simulation) 20 149.5 98.67%
III (simulation) 30 140.3 98.58%

85 I (measurement) 10 109.5 98.19%
I (measurement) 20 106.7 98.14%
I (measurement) 30 101.2 98.04%

III (measurement) 10 161.8 98.77%
III (measurement) 20 150.4 98.68%
III (measurement) 30 142.1 98.60%

5. Conclusions

This paper proposes an optimization design scheme of coils with high transfer quality
factor in a limited space for S-S compensated inductive power transfer system. A pair of
circular coils with the same structure is taken as an example to illustrate the optimization
process. MATLAB and COMSOL are selected as auxiliary tools for the whole optimization
process. The finite element simulation and measured results show that the method of
determining the number of turns first and then optimizing the distance between adjacent
turn can obtain a higher transfer quality factor than the conventional method of winding
coil with equal turn spacing. The method proposed in this paper can be used to guide the
optimal design of coils in a limited space.
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