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Abstract: In magnetically coupled resonant wireless power transfer (MCR-WPT) systems, the non-
homogeneous magnetic field of the transmitting coil can lead to frequency splitting phenomena
and lower efficiency. In this paper, a 3D transmitting coil (TX) with a homogeneous magnetic field
distribution is proposed. The proposed coil structure consists of two layers with different numbers
of turns per layer, i.e., with different current distributions. To achieve a homogeneous magnetic
field distribution with a high magnetic field value and a low profile of the 3D coil structure, the
optimal layer placement and current distribution were optimized using a genetic algorithm (GA). The
prototype of the optimized coil was fabricated, and its magnetic field distribution was measured. The
measurement results agreed more than 95% with the simulation results. The measured homogeneous
area was at least 12.5% larger than reported in the literature. By using a different current distribution,
the profile of the 3D coil structure was successfully reduced by 29% and the average magnetic field
value was increased by 25% compared to our previous work.

Keywords: genetic algorithm; homogeneous magnetic field; optimization; wireless power transfer;
3D transmitting coil design

1. Introduction

A prominent issue in MCR-WPT systems is the degradation of transfer efficiency due
to lateral misalignment between the TX coil and the receiving (RX) coil. Usually, the RX coil
must be placed at a specific location in the charging plane to achieve high transfer efficiency.
However, the MCR-WPT system requires that the position of the RX coil(s) not be precisely
specified. The MCR-WPT systems, which require the position of the RX coil to be precisely
fixed, are not suitable for the simultaneous charging of multiple, freely movable RX coils. In
addition, the wireless charging of implanted medical devices and electric vehicles requires
a higher misalignment tolerance, as precise alignment is often difficult to achieve.

Although other parameters also play a role, the degradation of transfer efficiency is
most strongly correlated with the decrease in the coupling coefficient k between the TX and
the RX coil [1]. To keep k stable, TX coils are required to produce a homogeneous magnetic
field intensity distribution in the charging plane [2]. This enables a higher misalignment
tolerance. Consequently, stable transfer efficiency and output power are characteristic of
such an MCR-WPT system.

Most TX coils designed to produce a homogeneous magnetic field intensity are pla-
nar. The hybrid TX coil structure designed in [3] combines a spiral and a concentrated
coil to produce a homogeneous magnetic field intensity distribution. The geometry of
the planar rectangular spiral coil with blunted corners is optimized to ensure a smooth
distribution of the magnetic field in the charging plane [4,5]. A homogeneous magnetic
field is achieved by a hybrid TX coil with a reversed current direction between the loops [6].
Based on the current distribution required to produce a defined homogeneous magnetic
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field distribution, an equivalent TX coil winding distribution with equal current in each
winding was applied [7]. In [8], half of the current of the outer windings flows through
the inner windings of the TX coil, ensuring a higher misalignment tolerance. Furthermore,
in [9], the principle of the current distribution between the windings of the TX coil was
presented. As proposed in [10], the square spiral TX coil, with the adjusted position and
current of each turn, produces improved homogeneity of the magnetic field in the charging
plane. The current distribution between the windings connected in parallel is controlled by
a series capacitance added to each winding. The Taichi coil [1] and serpentine coil [11] have
also been proposed to improve the misalignment tolerance. Other planar solutions include
the square TX coil consisting of one outer and three inner coils [12] and the square TX coil
with one outer and one inner coil [13], which requires an optimized RX coil design for
optimal transfer efficiency. Although homogeneity was achieved, the planar TX coils were
relatively small and transmitted power mainly over short distances (up to 1.5 cm) [2–10].
To increase the homogeneous area (part of the charging plane at which a homogeneous
magnetic field intensity is produced), an array of TX coils was proposed [7]. However, an
additional detection circuit is then required. GA-based optimization of rectangular planar
coils has been successfully performed for a large air gap of 10 cm [14]. Nevertheless, the
homogeneous area occupied less than 50% of the charging plane.

TX coils are not as critical in terms of planarity compared to RX coils. To achieve high
transfer efficiency, RX coils should be flat and parallel with the charging plane. Three-
dimensional TX coils are intended for applications where a low TX coil profile is not as
important as it is for planar TX coils. The rectangular spatial coil with a height of 14 mm
proposed in [15] generates a homogeneous magnetic field intensity in the charging plane.
However, due to the large transfer distance, a high supply current is required to transfer
a significant amount of power. The spatial TX coil for a WPT system, which creates a
homogeneous area, was presented in [16]. However, it was fabricated using printed circuit
board technology, which is not suitable for large-scale TX coils.

This paper is a continuation of our research on the development of rectangular coil
structures that can produce a homogeneous magnetic field intensity distribution. In pre-
vious research, the basic structure of a 3D rectangular coil was proposed and results
comparable to the state-of-the-art were obtained (the homogeneous area corresponded to
55% of the charging plane) [17]. In this paper, we were interested in further increasing
the homogeneous area and the average magnetic field intensity, but also in reducing the
coil profile (height). To achieve this, we used the current distribution approach [9] in
coil optimization. In the previous study [17], the homogeneous magnetic field intensity
distribution was achieved by optimizing the placement of the coil layers. In this paper,
with a different current distribution between the coil layers, an additional dimension was
added to the optimization process. The general TX coil design is described in the next
section. The following section focuses on the GA optimization of the coil design. Based
on the optimization solutions, the GA-optimized coil prototype was fabricated. In the
Measurements Section, the simulation and measurement results are compared. Finally, the
conclusion summarizes the main results of the optimized coil.

2. General TX Coil Design

In planar MCR-WPT, the RX coil is placed or moved horizontally in the charging plane.
Thus, the RX coil is constantly parallel with the TX coil below the charging plane. The
magnetic flux captured by the RX coil is then contributed by the vertical magnetic field [2].
From now on, only the vertical component of the magnetic field intensity Hy is considered
in the following part of this paper.

The basic outline of the TX coil optimized in this paper is shown in Figure 1. The
coil consists of two layers with an identical shape, whose main function is to create a
homogeneous magnetic field intensity distribution in the charging plane (gray horizontal
surface (xz-plane) in Figure 1). The first coil layer can be distinguished from the second
coil layer by its color, black and red, respectively. The length of the coil is denoted by L,
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while the width of the first coil layer is denoted by W, and the width of the second coil
layer is denoted by W2. The vertical distance between the first and second coil layer along
the coil length L is denoted by D2. The first coil layer is folded to the extent of D, and the
second coil layer is also folded to an extent equal to D-D2. The transfer distance, h, is the
vertical distance between the top of the TX coil and the charging plane. The folded TX
coil sides originate from the rectangular coil and its magnetic field intensity distribution
in the charging plane. Due to the superposition of the magnetic field at the corners of a
rectangular coil, the magnetic field intensity distribution in the charging plane over such a
coil is nonhomogeneous [17]. Therefore, the shorter sides of the rectangular coil are folded
down to eliminate the magnetic field peaks near the corners of the charging plane. Without
the second coil layer, there is a saddle-shaped magnetic field intensity distribution across
the transverse line (dashed blue line) in Figure 1. Thus, the purpose of the second coil layer
is to flatten the shape of the saddle-shaped magnetic field intensity distribution across the
transverse line of the charging plane.

L

W

W2

D

h

D2

x

y

z

Figure 1. Basic coil design.

3. TX Coil Optimization

In order to enlarge the homogeneous area of the charging plane and achieve a higher
average magnetic field intensity within the homogeneous area, an optimization of the
design of the TX coil based on a GA was performed. Metaheuristic optimization methods,
unlike mathematical optimization methods (programming), allow the specification of
arbitrary cost functions (including non-continuous, non-differentiable functions). There is
no exact analytical function that relates our specific TX coil geometry and magnetic field
intensity. For approximate calculations of the magnetic field intensity, the Biot–Savart
law could be applied, but for more realistic results, Ansys Maxwell software was used to
calculate magnetic field intensity. In our case, since there was no exact analytical function to
define the cost function, the simulation of the magnetic fields was performed. The GA was
applied because it is the only type of metaheuristic method available in the Ansys Maxwell
Optimetrics tool. A brief description of the GA optimization technique follows, followed
by two subsections discussing the detailed implementation of the GA optimization of the
coil considered in this paper.

3.1. Genetic Algorithm

The GA is a form of evolutionary algorithm (EA) that mimics the features of natural
selection such as selection, crossover, and mutation [18]. The GA is an iterative process that
goes through a series of generations. Each generation consists of a number of individuals



Energies 2022, 15, 1381 4 of 16

(parents and offspring) that are selected based on a fitness function (more suitable individ-
uals are preferred—selection operator). Crossover and mutation operators ensure that new
individuals are generated in each generation. In elitist selection, the best individuals are
selected. Another possibility is roulette selection, in which the fitter an individual is, the
higher its probability of survival. Such a random selection of individuals to proceed to the
next generations has the advantage that the solution can jump out of local minima [19].

3.2. Two-Dimensional Optimization

The intersection of the TX coil with the xy plane (vertical grey surface), shown in
Figure 1, forms four cross-sections representing the position of the TX coil layers. The
intersection of the charging plane and the xy plane in Figure 1 is the transverse line, which
we refer to as the charging line in the following. The corresponding two-dimensional
representation of the TX coil is shown in Figure 2. The cross-sections of the coil layers are
simplified as squares. The two upper squares correspond to the first coil layer, while the
two lower squares correspond to the second coil layer. The current directions in both coil
layers are indicated by cross and dot symbols within the squares.

y

x0

h

D2

WW/2

W2

a

a

Figure 2. Two-dimensional representation of the TX coil.

The charging line in Figure 2 corresponds to the charging plane of Figure 1, so the
magnetic field intensity at charging line is relevant to the 2D optimization process. The
following dot product is used to calculate the y-component of the magnetic field intensity:

Hy = ~H ·~n, (1)

where ~H is the magnetic field intensity vector (both the x and y components) and~n is the
unit vector parallel with the y axis.

Each of the squares in Figure 2 has the same area, and the square side a is equal to
2 mm. The transfer distance h was set to be constant and equal to 30 mm during the
optimization process. The width of the first coil layer W was set to 280 mm. This width W
has been found to be appropriate for a 3D coil made of two layers [17]. The first coil layer
was included in the 2D optimization, but the positions of the squares representing it had a
fixed position. The position of the squares of the second coil layer is defined by the decision
variables D2 and W2. The mathematical notation of the 2D optimization problem follows:

f (~X)→ max., (2)

subject to the constraints:
gj(~X) = 0, (3)

hk(~X) ≤ 0, (4)



Energies 2022, 15, 1381 5 of 16

where ~X is a vector of decision variables ~X = [x1, . . . , xn]. The objective of the optimization
was to maximize the average magnetic field intensity across the charging line and to
maximize the section of the charging line where the homogeneous condition is satisfied.
The average magnetic field intensity across the charging line is calculated as follows:

Hymean =

∫W
0 Hydx

W
. (5)

The magnetic field intensity was observed at 1000 points over the entire charging line.
The constraint in Equation (4) is expressed in the following two inequality constraints,
Equations (6) and (7). The homogeneity criterion is predefined in terms of the maximum
magnetic field intensity (Hymax) at the charging line:

Hy ≤ Hymax. (6)

Moreover, a homogeneous section of the charging line was characterized by a magnetic
field intensity greater than or equal to 90% of Hymax:

Hy ≥ 0.9Hymax. (7)

To investigate the distribution of the magnetic field intensity distribution across the
charging line, two 2D coil models were simulated in Ansys Maxwell. The 2D model of the
flat rectangular coil consisted of only two squares (upper squares in Figure 2). Another
2D model corresponded to the coil optimized in [17], shown in Figure 2. The width of the
2D model of the rectangular coil corresponded to the width of the 2D model of the coil
optimized in [17]. The transfer distance and currents were the same for both 2D models.

In Figure 3, three different distributions of the magnetic field intensity across the
charging line are shown, an ideal coil, a rectangular coil, and the coil optimized in [17].
It is not possible to obtain an ideal distribution of the magnetic field intensity across the
charging line that is as wide as the TX coil. Compared to a rectangular coil that does not
produce a homogeneous section (concave distribution), the coil optimized in [17] provides
a higher average magnetic field intensity, as well as a homogeneous section that occupies
85.14% of the length of the charging line.

Figure 3. Simulation results: comparison of the magnetic field intensity distributions.

Although the coil proposed in [17] produces a homogeneous section across more
than 85% of the length of the charging line, there is a tendency to further develop the
performance of such a coil shape. A higher percentage of the homogeneous section, a
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higher average magnetic field intensity across the homogeneous section, and a lower coil
profile (lower D2 and D from Figure 1) are the characteristics of an improved coil.

In [17], the same current flows through both layers, which allows defining the current
distribution between the layers as the ratio r = I1/I2 = 1, where I1 is the current of the
first coil layer and I2 is the current of the second coil layer. It was assumed that different
r contribute to higher coil performance. Before the optimization process, I1 and I2 were
set as integers, since the ratio r was then practically feasible. In practice, the number of
turns of the first coil layer to the number of turns of the second coil layer is equal to the
current distribution. Therefore, the number of turns of the coil layers could determine the
current distribution.

GA optimization was performed using the Ansys Maxwell software Optimetrics tool.
The cost function is defined as:

f (~X) =
[
1−

(
Hymax(~X)− Hymean(~X)

)]
· Hymean(~X), (8)

and the optimal solution is the maximum value of the cost function (best-fit individual).
The maximum number of 250 generations was set as the termination criterion for the
optimization process. Roulette selection was used. The vector ~X = [D2,W2] represents an
individual in the population. The constraints on the decision variables are as follows:

3 ≤ D2 ≤ 127 (mm), (9)

5 ≤W2 ≤ 280 (mm). (10)

The box constraints from Equations (9) and (10) define the search space of variables
D2 and W2. The lower limit of the variable D2 was set to 3 mm to avoid overlapping with
the squares of the upper coil layer from Figure 2. The upper limit of the variable D2 was set
to 127 mm, which corresponds to the values of the variable D2 observed in [17]. The lower
limit of the variable W2 was set to 5 mm to avoid overlapping the two lower squares from
Figure 2, while the upper limit was set to 280 mm, corresponding to the width of the first
coil layer W. The width of the second coil layer W2 should be smaller than the width of
the first coil layer W to compensate for the concave magnetic field intensity distribution of
the single rectangular coil in Figure 3. The overlapping of any squares from Figure 2 in the
Ansys Maxwell software immediately stops the optimization process.

First, it was determined that the current distribution between layers should be such
that the current of the first coil layer is greater than the current of the second coil layer (r
is a positive integer). If this is not the case, the variable D2 becomes larger and the coil
profile is not reduced. In the simulations, different current distributions between the coil
layers (different r) were set so that the sum of the currents was equal to the fixed value.
For example, when r = 1, I1 = 500 mA and I2 = 500 mA, while for r = 3, I1 = 750 mA and
I2 = 250 mA.

The variables D2 and W2 were optimized for each integer r in the range from one to
seven, and the corresponding magnetic field intensity distributions are shown in Figure 4.
The larger r is, the larger is also the magnetic field intensity across the charging line.
Furthermore, the magnetic field intensity within the homogeneous section was more
oscillatory as r increased. Moreover, in the case of r = 7 (dashed black line), the magnetic
field intensity distribution did not exhibit a homogeneous section because the magnetic
field intensity at the central position (W = 140 mm) was less than 90% of the maximum
magnetic field intensity at the side position. It can be concluded that an optimization with
r > 6 cannot fulfill the condition of homogeneity.

More detailed GA-optimized coil properties are shown in Table 1. A higher r resulted
in a smaller D2, a wider homogeneous section, and a higher Hymean, which were the
optimization goals. The variable W2 is not directly related to the reduction of the coil
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profile, but it is also important in the optimization process to obtain the right coil design. It
was necessary to introduce a figure of merit (FoM) to compare the solutions for different r:

FoM = homogeneous section · Hymean_hs. (11)

Hymean_hs is the average value of the magnetic field intensity calculated only for the
homogeneous section of the charging line. For each r value, FoM was calculated, and the
highest value was for r = 6. Moreover, during the optimization, the minimum value of the
variable D2 was reached when r was set to six. Therefore, the following 3D optimization
was performed with the predefined r = 6.

Figure 4. Magnetic field intensity distributions for optimized variables D2 and W2 with different
current distributions.

Table 1. Comparison of the optimized coil characteristics for different current distributions.

r Optimization
Method

D2
(mm)

W2
(mm)

Hymean_hs
(A/m)

Homogeneous
Section (%)

Transfer
Distance (mm)

FoM
(A/m)

Calculated
Value of Equation (8)

1 (Ref. [17]) Trial and error 56 196 2.06 85.14 24.6 175.39 N.A.
1 GA 58.71 212.42 1.97 80.42 30 158.43 1.493
2 GA 38.14 174.29 2.21 82.62 30 182.59 1.652
3 GA 27.14 150.98 2.30 84.32 30 193.94 1.754
4 GA 16.83 154.44 2.39 84.69 30 202.41 1.795
5 GA 8.82 135.76 2.41 85.39 30 205.79 1.761
6 GA 3.62 143.93 2.46 85.20 30 209.59 1.797
7 GA 3.62 154.55 / / 30 / 1.721

3.3. 3D Optimization

Although the optimization of the 3D model of the TX coil took more time, it was
necessary because of the 3D properties of the optimized coil. The 3D model of the two-layer
TX coil was also created in the Ansys Maxwell software. Based on the 2D optimization
solution, the current of the first coil layer was set six-times larger than the current of the
second coil layer. In this step, the two layers were flat rectangular and the values of the
variables of the second coil layer (D2 and W2) corresponded to the optimal values obtained
in the 2D optimization for r = 6.

The 3D model of the TX coil with two rectangular layers with the optimized variables
D2 and W2 is shown in Figure 5. The basic idea of the 2D model optimization was that the
homogeneous magnetic field intensity distribution at the charging line (transverse blue line
in Figure 1) was preserved along most of the TX coil length L. To verify this assumption,
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the magnetic field intensity distribution along the longitudinal and diagonal lines (orange
and blue, respectively) in the charging plane was observed (see Figure 5).

L

W

W2

h

D2

x

y

z

Figure 5. Three-dimensional model of two rectangular layer TX coil.

Combined with the ideal homogeneous magnetic field intensity distribution, the
magnetic field intensity distributions along the longitudinal and diagonal lines are shown
in Figure 6. Due to the symmetry of the coil with respect to the xy and yz planes, the
magnetic field intensity distribution was observed only in half of the charging plane.
Although the TX coil variables D2 and W2 were set to optimal values, the magnetic field
intensity distribution was characterized by peaks near the TX coil end. As the distance from
charging plane center increased, the magnetic field intensity also increased. This trend in
magnetic field intensity produced a nonhomogeneous magnetic field intensity distribution.

Figure 6. Simulation results of magnetic field intensity distribution along the longitudinal and
diagonal line for two rectangular layer TX coils.

To maintain a homogeneous distribution along most of the coil length L, the authors
in [17] proposed to fold the coil ends downward, as shown in Figure 1. Their optimal
coil was folded down to the depth D = 11.8 cm. The 3D model of the TX coil shown in
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Figure 1 was created in Ansys Maxwell, with values for D2 and W2 set according to the 2D
optimization solution for r = 6. The adapted cost function was applied:

f (~X) =
[
1−

(
Hymax_S(~X)− Hymean_S(~X)

)]
· Hymean_S(~X), (12)

where the vector ~X = [D] represents an individual in the 3D model GA optimization. The
range for finding the optimal value of the decision variable D was set to:

8.12 ≤ D ≤ 125 (mm). (13)

The lower bound of the variable D was set with respect to the previous optimization
solutions. The optimal value of the variable D2 was 3.62 mm, and the square wire of the
coil layers in the 3D model had a side of 2 mm. Therefore, adding the optimal value of D2,
the two 2 mm sides of the first and second coil layers, and the 0.5 mm distance between
them, we obtained a lower limit of 8.12 mm. The upper limit of the variable D was set to
125 mm, which corresponds to the values of the variable D observed in [17].

The magnetic field intensity quantities used to form the cost function (12) were calcu-
lated with respect to the charging plane 30 mm above the TX coil. The Fields Calculator tool
of the Ansys Maxwell software was used to calculate the maximum value of the magnetic
field intensity in the charging plane, Hymax_S. The average value of the magnetic field
intensity across the charging plane is calculated as follows:

Hymean_S =

∫ S
0 Hydxdy

S
(14)

Similar to the optimization of the 2D model, the goal of the optimization of the 3D
model was to maximize the area of the charging plane in which a homogeneous magnetic
field intensity distribution was achieved, while keeping Hymean_S as large as possible within
this area of the charging plane.

Since the widths (W and W2), length L, and vertical distance between the layers of the
coil (D2) were given in this step of the optimization, the variable D should be optimized. The
maximum number of 50 generations was set as the criterion for the end of the optimization
process. The roulette selection was switched on.

The maximum value of the cost function (Equation (12)) in the GA optimization was
reached for D = 8.39 cm. Therefore, the GA-optimized coil characteristic had a lower profile
in comparison to the coil proposed in [17]. The magnetic field intensity distribution along
the longitudinal and diagonal lines of the charging plane is shown in Figure 7. The field
distribution of the coil optimized by GA and the coil optimized in [17] developed a similar
pattern. However, the difference in the field distribution was that the GA-optimized coil
produced a higher magnetic field intensity along the lines. Therefore, the GA-optimized
coil produced a higher average magnetic field intensity.

The simulation results of the distribution of the magnetic field intensity in the charging
plane for the coil optimized in [17] and the GA-optimized coil are shown in Figures 8 and 9,
respectively. The magnetic field intensity values were normalized with respect to Hymax_S.
The homogeneous area was surrounded by a black line representing the boundary. Namely,
outside the homogeneous area, the magnetic field intensity was less than 0.9Hymax_S. The
homogeneous area was characterized by a magnetic field intensity of 0.9Hymax_S or more.

The homogeneous area of the GA-optimized coil was significantly larger than the
corresponding homogeneous area of the coil optimized in [17]. The homogeneous area of
the GA-optimized coil was wider and extended more toward the ends of the charging plane.
It was calculated that the coil optimized in [17] generated a homogeneous area occupying
62.53% of the surface of the charging plane. On the other hand, the GA-optimized coil
produced a homogeneous area occupying 70.33% of the surface of the charging plane. Due
to the larger homogeneous area, higher average magnetic field intensity, and lower coil
profile, the GA-optimized coil was more suitable than the coil optimized in [17].



Energies 2022, 15, 1381 10 of 16

The nephogram of magnetic field intensity in the charging plane generated by the
optimized 3D coil is shown in Figure 10. The color rule (legend) in Figure 10 indicates the
magnetic field intensity at a particular point of the charging plane.

Figure 7. Simulation results of the magnetic field intensity distribution along the longitudinal and
diagonal line.

Figure 8. Simulation results of the normalized magnetic field intensity distribution in the charging
plane of the coil optimized in [17].

L

W

0.900 0

0.5

1

Figure 9. Simulation results of the normalized magnetic field intensity distribution in the charging
plane of the GA-optimized coil.



Energies 2022, 15, 1381 11 of 16

Figure 10. Ansys Maxwell simulation results of the magnetic field intensity distribution in the
charging plane of the GA-optimized coil.

To determine the stability of the power transfer efficiency for different RX coil positions
in the charging plane, a rectangular RX coil (22.8 × 9.3 cm) was created in Ansys Maxwell.
The first part of the simulations consisted of calculating the self-inductance of the TX
coil and the RX coil, the mutual inductance among them, and the coupling coefficient
k for 15 different RX coil positions in the charging plane. Based on these simulation
results, the parallel-series topology of the WPT system was used to calculate the power
transfer efficiency for each RX coil position. Figure 11 shows the transfer efficiency for
15 different positions of the RX coil in the charging plane. The highest efficiency of 69%
was achieved when the RX coil was in the middle of the charging plane. The degradation
of the efficiency for the RX coil placed at the sides of the charging plane was expected
due to the nonhomogeneity of the intensity of the magnetic field in the corresponding
areas of the charging plane (see Figures 9 and 10). However, the transfer efficiency was
stable in the areas of the charging plane where the magnetic field intensity distribution was
homogeneous. The lowest power transfer efficiency (51%) was calculated when the RX coil
was placed at the corner of the charging plane where the magnetic field intensity was most
nonhomogeneous compared to other areas of the charging plane. In summary, the power
transfer efficiency of the proposed coil remained stable, so the minimum power transfer
efficiency was 73.9% of the middle position efficiency regardless of the RX coil position.

x

y

z

228 mm
93 mm

57%
66%

51%
60%

65%
56%

61%
69%

56%

51%

56%
57%

60%
65%

66%

Figure 11. Simulation results of the power transfer efficiency for different RX coil positions in the
charging plane (Rload = 5 Ω).
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4. Measurements

The GA-optimized coil was constructed, and measurements of the magnetic field
intensity distribution in the charging plane were performed to verify the optimization
solutions. The length of the two coil layers L was the same, 114 cm. The width of the first
coil layer W was set to 28 cm, while the width of the second coil layer W2 was set to 14.4 cm.
The remaining coil dimensions, D and D2, were consistent with the optimization solutions.
Therefore, the value of D was 8.4 cm and D2 was equal to 3.6 mm.

The coil optimized in this way was installed in a wooden frame, which kept the wires
of the coil in a certain position and ensured a transfer distance of 30 mm. Round iron wire
with a diameter of 4 mm was used to complete both layers of the coil. Figure 12 shows the
bottom view of the fabricated coil.

The coil shown in Figure 12 consisted of one turn per layer, and each layer was
considered as a single coil. For measurement purposes, the coil layers were connected in
parallel. The resistor, R1 = 1 kΩ, was connected in series with the first coil layer, L1. The
six-times larger resistor, R2, was connected in series with the second coil layer, L2 (Figure 13).
In this way, an optimal current distribution between the coil layers was achieved. Such a
circuit arrangement with resistors is not practical for wireless power transfer because of the
power dissipation. The actual GA-optimized TX coil with two layers connected in series
for efficient WPT did not contain resistors for the current distribution. Instead, the number
of turns of the first coil layer should be six-times larger than the number of turns of the
second coil layer to achieve the optimal current distribution (r = 6). However, the higher
precision in the manufacture of the coil with one turn per layer and resistors that ensure
optimal current distribution are sufficient for magnetic field measurements.

Figure 12. Fabricated coil, bottom view.

L1 L2

R1 R2

s.g.
M

Figure 13. Measurement setup and equivalent scheme of the driven circuit.
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Magnetic field measurements were performed using the SPECTRAN NF-5035 analyzer.
An external sensor was connected to the SMA input. When the external sensor was applied,
the voltage was measured and shown on the analyzer display. The voltage induced in the
sensor was proportional to the rate of change of the magnetic flux; therefore, magnetic
field measurements can be made in this way. The fabricated coil was excited by an Agilent
33250A signal generator (s.g.), which produced a sine wave of 20 V (peak-to-peak) and a
1.5 MHz frequency. The measurement setup is shown in Figure 13.

The magnetic field measurements were made at specific points of the charging plane.
The symmetry of the coil with respect to the xy and yz planes (seen in Figure 1) was the
basis for assuming that the distribution of the magnetic field intensity at one half of the
charging plane should be the same at the other half of the charging plane. Therefore, the
measurements were made on one half of the charging plane. The measurements were
performed over the entire width W and half of the length L/2 of the charging plane. The
measurement points were aligned along parallel longitudinal lines (as the orange line in
Figure 5) that were 1 cm apart. Thus, there were 29 parallel longitudinal lines covering
the entire width of the charging plane (W = 28 cm). The distance between the adjacent
measurement points on the same longitudinal line was set to 1 cm. Accordingly, there
were 58 measurement points on each longitudinal line. In this way, a grid of 1682 (29 × 58)
measurement points was created

The measurement results are shown in Figure 14. The measured values were normal-
ized with respect to the maximum value of the induced voltage. The homogeneous area is
surrounded by a black line representing the boundary. Namely, outside the homogeneous
area, the induced voltage was lower than 0.9 of the maximum value of the induced voltage.
The manufactured coil was calculated to generate a homogeneous area occupying 67.78%
of the surface of the charging plane.

L

W

0.900

0

0.5

1

Figure 14. Measurement results of normalized magnetic field intensity distribution in the charging
plane of the GA-optimized coil.

The outlines of the homogeneous area defined by the simulation and the measurement
results are shown in Figure 15. The homogeneous area of the measurement results (area
inside the red dashed curve) occupied 2.55% less area of the charging plane than the
homogeneous area of the simulation results (area inside the black solid curve). Not only
did the measurement results show accurate numerical agreement with the simulation
results, but also the shape of the homogeneous area obtained by the measurements agreed
with the homogeneous area obtained by the simulations.

L

W

Figure 15. Outline of the homogenous area in the charging plane for the simulation and
measurement results.
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The measured characteristics of the various optimized TX coil designs that produced
a homogeneous area in the charging plane are listed in Table 2. Compared to other TX coil
properties from Table 2, the coil optimized in this work produced a larger fraction of the
homogeneous area in the charging plane.

Table 2. Comparison of various optimized TX coils’ characteristics.

Ref. Structure TX Coil (cm2) or (cm3) r (%) h (mm) Homogeneous Area (Measured)

[2] Printed Circular Spiral 102 × π 30 15 ~64%

[4] Planar Square 20 × 20 20 1 ~36%

[12] Planar Square 20 × 20 20 50 ~51.8%

[14] Planar Square 80 × 80 9.6 100 ~42.3%

[16] 3D Rectangular 22 × 18 × 2 20 0.5 ~32%

[17] 3D Rectangular 114 × 28 × 12 10 30 ~55.3%

[20] Planar Square 20 × 20 20 150 ~48%

[21] Planar Square 50 × 50 7.2 18 ~49%

[22] Planar Square 31.5 × 31.5 2 30 ~49%

This paper 3D Rectangular 114 × 28 × 9 10 30 ~67.8%

5. Conclusions

A current distribution approach for a two-layer rectangular 3D TX coil in an MCR-WPT
system was proposed, with the aim of increasing the area of the homogeneous magnetic
field intensity distribution and decreasing the coil profile (coil height). The coil layer
arrangement and current distribution were optimized using a genetic algorithm. The
optimization was performed using the Ansys Maxwell Optimetrics tool. It was found that
the optimal current distribution between the coil layers should be such that the current
ratio in the coil layers is six to one. The simulation results obtained with the Ansys Maxwell
software were verified by measurements on a coil prototype. The main achievements
of the coil optimized in this work compared to other optimized TX coils (including our
previous work) were: a larger fraction of the homogeneous area, a lower profile, and a
higher average magnetic field intensity within the homogeneous area. The fraction of the
homogeneous area was increased by 12.5% for the same charging plane, and the coil depth
was reduced by 29% (from 11.8 cm to 8.4 cm). The average magnetic field intensity within
the homogeneous area was increased by 25%. However, the distribution of the magnetic
field intensity within the homogeneous area was not as uniform as that achieved in the
previous work. Further research should therefore aim to make the distribution flatter while
maintaining or even improving the properties of the coil.
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