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ABSTRACT: Nowadays, misalignment tolerant wireless power transfer systems providing simultaneous power supply to several devices
are the subject of intensive research in the field of wireless charging of electronic devices. A critical parameter in such systems is
the uniformity of magnetic field generated by a transmitting coil. In this paper, we examine the characteristics of the magnetic field
distribution of arbitrary shape planar transmitting coils and propose a genetic algorithm for optimizing their design with the objective
of increasing the field uniformity. This study stands out from existing literature by introducing an optimization approach that not only
encompasses traditional circular and square coils but also extends to convex polygonal coils. The results of the algorithm are validated
experimentally on coils of three various geometries including circular, square, and hexagonal coils. The coefficient of variation of the
magnetic field, which serves as a quantitative measure of its uniformity, is found to be 3.6% for the circular coil, 5.2% for the square one,
and 5.1% for the hexagonal one in a region of interest encompassing half of the total area of the transmitting coil.

1. INTRODUCTION

ireless power transfer (WPT) with magnetic coupling is
Wa widely used method for powering various electronic
devices [1]. It has found applications in areas such as con-
sumer electronics [2], medical equipment [3], industrial ma-
chinery [4], electric vehicles [5, 6], smart home devices [7], and
others. The primary reasons for the popularity of this technol-
ogy and its active replacement of traditional wired power meth-
ods are increased user convenience and reliability as it elimi-
nates the need for contact connections between the charged de-
vice and power sources.

The rapid growth in the number of electronic devices uti-
lizing wireless charging has shifted the focus from WPT sys-
tems for charging a single receiver (Rx) from a single transmit-
ter (Tx), which have been the most developed type, to charging
of multiple Rxs simultaneously from a single Tx. While one-
to-one WPT systems offer high power transfer efficiency, they
come with limitations regarding user convenience and usage
scenarios, as each Rx requires its own Tx. In contrast, one-to-
many WPT systems allow for several Rxs to be powered simul-
taneously by a single Tx, making them more convenient and
economically advantageous in many situations. Although the
significant size asymmetry between the Rxs and Tx can lead
to a decrease in the coupling coefficient and lower individual
power transfer efficiency than one-to-one WPT systems, the
overall efficiency, calculated as the sum of partial efficiencies,
can still be sufficiently high and comparable to that of single-Rx
systems.

To develop a one-to-many WPT system with free-positioning
receivers, a uniform magnetic field distribution of a transmit-
ting coil has to be achieved to ensure an equal power transfer
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efficiency to the receivers. To date, two main approaches have
been proposed to provide a uniform distribution of a transmit-
ting coil magnetic field. The first one utilizes arrays of coils
to create a uniform magnetic field over the surface of trans-
mitter. Thus, a single-layer array of properly positioned non-
overlapping coils has been proposed in [8]. Later, additional
coils have been introduced to an array of coils for field irreg-
ularities compensation [9]. Multi-layer overlapping coil arrays
have also been employed wherein the coils are arranged in such
a way that their total fields are uniform over the transmitting
area [10]. One of the major advantages of this approach is the
ability to achieve high power transfer efficiency by tracking re-
ceivers position and selective excitation of transmitting coils in
the array that are closest to the receiver. However, the disad-
vantage of this approach is a complex and costly control system,
which may not always be economically justified.

On the other hand, sole transmitting coils with optimized
structure have been proposed and studied, which can be classi-
fied as a second approach for achieving uniform magnetic field,
for instance, through the application of hybrid structures com-
prising concentrated winding and spiral winding designs [11],
or the use of auxiliary coils for compensating of field irregu-
larities [12]. Guided by the dependence of the magnetic field
produced by a spiral coil on its dimensions, winding configu-
rations, current magnitude, and winding directions, several dif-
ferent coil designs with nonuniform winding distributions have
been proposed and investigated [13—15], with antiparallel cur-
rent directions in individual coil windings [16] and varying cur-
rent amplitudes in the windings [17,18]. These studies have
shown that achieving a uniform magnetic field distribution in a
general manner is highly challenging, as it necessitates consid-
eration of multiple factors like size and shape of the transmit-
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ting coil, size of the charging area, and the separation distance
between the Rx and Tx. Consequently, there has been a rise
in works employing genetic algorithm (GA) for the synthesis
and optimization of planar spiral coils for one-to-many WPT
systems [19-22], which offer relatively uniform magnetic field
distributions with a relatively simple transmitting coil geome-
try.

While several optimization algorithms for planar spiral coils
have been proposed, they mainly focus on standard shapes like
circular and rectangular ones, which may not always be suit-
able for specific applications. As shown in [23], in the next-
generation WPT systems, coil winding should be arranged in
irregular shapes to maximize aperture sizes and mutual cou-
pling. In this study, we propose a universal algorithm for opti-
mizing the magnetic field distribution of transmitting coils for
one-to-many WPT systems aimed to enhance the magnetic field
uniformity. The algorithm’s versatility stems from its ability
to calculate and optimize magnetic fields for both standard-
shaped transmitting coils and convex polygonal coils, which
is beneficial for developing WPT coils that must fit within var-
ious device housings, maximizing the available area and sys-
tem efficiency. This article outlines the methodology of the
study, detailing the equivalent model of spiral coils and the ap-
paratus used for calculating the magnetic field across various
coil geometries. It introduces a quantitative parameter for es-
timating field uniformity and discusses the GA employed for
coil optimization. An analysis of magnetic field distributions
is provided for both a single current-carrying loop and a classic
equidistant spiral coil, along with the results of the optimiza-
tion and their experimental verification. Additionally, the arti-
cle compares these results with existing literature and addresses
potential challenges in generating uniform fields in large-sized
coils.

2. METHODOLOGY

2.1. Magnetic Field Calculation

For an analytical description of a transmitting coil magnetic
field, the method of multi-turn approximation can be em-
ployed [20]. The essence of the method lies in dividing the coil
into a set of nested closed current loops of various sizes, with
the magnetic field of each turn being calculated individually.
At relatively low operating frequencies, where the length of the
conductor comprising the planar spiral coil is much smaller than
the wavelength at the operating frequency, it can be assumed
that the current amplitude in the coil conductor is constant and
uniform. This allows for the utilization of a quasi-static ap-
proximation of the magnetic field and subsequently calculating
it using the Bio-Savart law, as follows:

B = Hol w_ (1)
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For a transmitting coil consisting of N turns, its total magnetic
field is calculated as a superposition of magnetic fields created
by each turn:
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However, it is worth noting that the numerical solution of
this integral is highly time-consuming and requires significant
computational resources. To simplify the calculations, closed-
form expressions for standard geometries can be utilized. For
instance, the magnetic field of a current-carrying ring can be ac-
curately calculated using closed equations containing complete
and incomplete elliptic integrals [24]. The normal component
of the magnetic field of each individual circular current loop
to the plane of the coil can be calculated using the following
equation:

I
B. = 5 oslef = ) BG) + oK (),

(€)

where 2 = 22 -+ y2 —+ 22, o? = xf -+ r? — 2z;p, 62 =
22 + 12+ 2xip, p* = 22 + Y% k2 = 1 — a?/8%, K(K?) is
the complete elliptic integral of the first kind, and E(k?) is the
incomplete elliptic integral of the second kind. Hereafter, equa-
tions for field calculations will be provided for the normal com-
ponent of the magnetic field only, as this component primarily
contributes to the power transfer efficiency in planar inductive
WPT systems.

For spiral coils wound in a square, rectangular, or any other
shape that can be represented as a piecewise-linear partition,
the magnetic field of each individual turn is calculated as a su-
perposition of fields from segments of current-carrying conduc-
tors. In this case, the normal component of the magnetic field
to the plane of the segment with current connecting vertices of
coordinates (z1,y1) and (232, y2) is calculated as follows:
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2.2. Encoding of Spiral Transmitting Coil for Optimization

In order to ensure the universality of the algorithm regardless
of the transmitting coil shape, the distribution of turns is de-
scribed using proportionality coefficients (PCs), and the coils
themselves are defined, depending on their geometry, as fol-
lows: for a circular coil by the radius of the largest turn, for a
rectangular coil by the length and width of the largest turn, and
for a convex piecewise-linear coil by a list of the vertices’ coor-
dinates of the largest turn. Each turn in a multi-turn optimized
coil is proportional to the largest possible turn by its respective
PC; therefore, each PC identifies a specific turn size in the coil.

For the purposes of computer optimization using a GA, PCs
are in turn encoded as bit arrays. The method presented in this
paper allows for various degrees of discretization characterized
by the discreteness parameter A = 1,2, ..., M, which defines
how many bits are allocated for a single wire in the bit array, or,
in other words, what portion of the [0..1] segment of possible
PC values is contained in one bit. It is recommended to pass an
odd number to the A parameter. The length of the bit array [ is
defined as follows:

)
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where PCy, is the smallest possible PC, d the wire diame-
ter, and b the bounds constant, a number that together with d
characterizing the minimal distance between turns. b is calcu-
lated separately for circular, rectangular, and piecewise-linear
geometries. The greater the A is, the longer the bit array is,
which allows for more variety in the process of GA evolution
in terms of possible values for PC, but requires computations
that are more time consuming due to larger data structures.

Turn presence is defined by A consecutive “1” in the bit
array. The central “1” in a sequence of length A at position
j = 1...1l1in the bit array defines the PC as follows:

(j—1)- (1 —PCpin)
l

PC = PCpin + . (6)

2.3. Fitness Function for Transmitting Coil Optimization

In order to compare various transmitting coil geometries and
subsequently optimize their magnetic field distributions, it is
necessary to introduce a numerical assessment of the field uni-
formity. This can be achieved by using the coefficient of varia-
tion (COV), which is defined as the ratio of the root mean square
deviation of the magnetic field intensity in the region of interest
(ROI) to its mean value, calculated for IV points in space where
the magnetic field is measured.

Thus, we obtain a dimensionless quantity characterizing the
magnetic field uniformity in a specific region of the transmit-
ting coil. A lower value of the COV indicates a more uniform
magnetic field distribution.

2.4. Genetic Algorithm of Optimization

To obtain a rapid convergence rate, here we employ a GA for
optimization task with large number of variables, namely PCs.
We have used the conventional GA algorithm procedure. The
optimization process begins with creating an initial random
population consisting of individuals — variants of winding of
a transmitting coil. In each iteration of the optimization cy-
cle, the fitness function is calculated for each individual in the
population, and the most “fit” individuals (those with a lower
value of the fitness function) are selected for reproduction. The
individuals undergo a crossover operation, and some individ-
uals undergo random mutation before a new generation is cre-
ated. These operations continue until the stopping criterion of
reaching the maximum number of generations is met. Upon
cycle termination, the individual with the minimum value of
the fitness function is selected from the final generation. COV
is used as the fitness function. PCs are the optimization vari-
ables, which correspond to the size of turns in the spiral coil,
that are the arguments of the function for analytical field calcu-
lation. The hyperparameters of the GA, which is used further
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TABLE 1. Genetic algorithm hyperparameters.

Parameter Value
Population size 50
Number of iterations 50
Probability of mutation 0.1
Crossover probability 0.4
Calculation points 100
Tournament selection 4
Bit mutation 0.05

in this work, are summarized in Table 1. They were selected
to ensure efficient and robust optimization process. The num-
ber of calculation points defines the discretization of the cal-
culation domain, where the magnetic field of the spiral coil is
calculated. It was selected to ensure a trade-off between com-
putational efficiency and magnetic field calculation accuracy.
The number of iterations was set to 50 based on preliminary
tests showing convergence within 30—40 iterations, providing a
margin for optimal results. The population size was chosen to
balance computational efficiency and convergence speed, en-
suring reasonable execution time. Other parameters were set
according to standard GA practices to balance exploration and
exploitation of the algorithm [25, 26].

The software code implementing the described GA is writ-
ten in the Python programming language using the DEAP (Dis-
tributed Evolutionary Algorithms in Python) library [27]. The
standard cxMessyTwoPoint method is employed for crossover,
the modified mutFlipBit method for mutation, and the eaSim-
ple method for cyclical repetition of algorithm stages is used
for optimization.

The input parameters of the GA include the coil shape, the
size of the largest turn for circular and rectangular coils, a
list of vertices’ coordinates of the largest turn for piecewise-
linear coil, and the size of ROI, where a uniform magnetic field
distribution is required. The algorithm’s output data include
the number of coil turns and their PCs ensuring a minimum
magnetic field variation. The average execution time of the
proposed GA with the hyperparameters listed in Table 1 was
around 40 seconds with a 10.8% CPU utilization (CPU: AMD
Ryzen 7 5700U 1.80 GHz). The memory consumption during
algorithm execution was measured at 123.5 MB.

3. RESULTS

3.1. Magnetic Field Analysis of Non-Optimized Transmitting
Coils

First, we consider the magnetic field distribution of two basic
transmitting coils: a single circular turn of radius 7,x, shown
in Fig. 1(a), and a spiral coil with an equidistant distribution of
N turns from 7y, to rmax, Whose equivalent model is shown
in Fig. 1(b). The magnetic field profiles at different relative
heights above the considered coils calculated using (3) are pre-
sented in Fig. 1(c) and Fig. 1(d), respectively. Hereinafter, we
will consider the field distribution at relative heights and in rel-
ative coordinates. When we go to absolute coil sizes and abso-
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FIGURE 1. (a) Single turn coil and (c) its normalized magnetic field profile at different heights. (b) Equivalent model of multi-turn spiral coil and (d)

its normalized magnetic field profile at different heights.
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FIGURE 2. COV for different combinations of ROI size and height for (a) single-turn coil, (b) multi-turn coil.

lute ROI and target heights, the field distribution remains un-
changed, and only its amplitude value changes.

From Fig. 1(c), one can see that the magnetic field profile
of a single turn coil at low height z /7y, = 0.1 has a concave
shape — the field amplitude in the center of the coil is much
smaller than its amplitude near the conductor. Moving away
from the coil, the magnitude of the field tends to be more uni-
form. At the height of z/rm.x = 0.5 it becomes completely flat
at the center, and the maximum field uniformity is achieved. At
further distance from the coil, the field at the edges starts to de-
cline, which also reduces the uniformity. The field distribution
of an equidistant multi-turn coil has low uniformity regardless
of height.

Obviously, the field uniformity in the ROI depends on its
size. We calculate the COV of the field by (7) for both coils
at different combinations of relative height and size of ROL
The resulting plots are shown in Fig. 2(a) for a single turn coil
and in Fig. 2(b) for a multi-turn spiral coil. These plots also
show that for a single coil there are combinations of height and
ROI size for which high uniformity is achieved, but the relative
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heights for this purpose should be large and the size of the re-
gion of interest small, which makes the practical application of
this type of transmitting coil impractical. For a multi-turn coil,
high COV is observed for any combinations of height and ROL.

3.2. Optimization of Transmitting Coils

For practical usage of one-to-many WPT systems, it is neces-
sary that the region with uniform field occupies an area of the
transmitting coil as large as possible. In order to establish the
minimum achievable COV values for planar spiral coils, a GA
optimization of the coils is performed for each of the combina-
tions of ROI size and height. Fig. 3 depicts the lowest achiev-
able COV resulting from the optimization process. It is evident
that the field uniformity of the optimized coils is markedly im-
proved in comparison to that of the equidistant multi-turn coil
(Fig. 2(b)) and even that of a single turn coil (Fig. 2(a)). The
colormap demonstrates that through the optimization of the po-
sition and dimensions of the turns in planar spiral coils, a uni-
form field distribution in the vicinity of the coil can be achieved,
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FIGURE 3. Minimal COV of multi-turn circular coil, optimized for
different combinations of target height and ROI size.

which is of substantial importance for the practical implemen-
tation of one-to-many WPT systems.

To illustrate the convergence of the proposed algorithm, we
shall consider the optimization of coils of circular, square, and
hexagonal shapes, for different sizes of the computational do-
main. To this end, optimization process is conducted 50 times
for each case, with the resulting COV values subjected to a sta-
tistical analysis. Fig. 4 illustrates the results of such an opti-
mization. The height of the columns corresponds to the mean
COV value, while the maximum and minimum COVs obtained
from 50 optimizations are indicated by error bars. It can be ob-
served that for ROI with relative size less than 0.5, the discrep-
ancy between the optimization result and the mean is insignif-
icant. Furthermore, under identical conditions, the COV of the
magnetic field for circular coils is the lowest and for square
coils is the highest. This is attributed to the fact that the mag-
netic field irregularities are formed in the corners of each coil.
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FIGURE 4. Results of multiple optimization of coils of different shapes
at a fixed height of z/rmax = 0.24. Bars show the mean value, error
bars show the maximum and minimum COV from the dataset.

3.3. Fabrication of Coils and Experimental Verification of Opti-
mization Results

To provide experimental confirmation of the results yielded by
the proposed optimization GA, planar spiral coils of circular,
square, and hexagonal shapes with an outer size of ry,x =
12.5cm are fabricated. Optimized PCs for circular coil are:
[0.208,0.792,0.84, 0.864, 0.888, 0.912,0.936, 0.96, 0.984]; for
square coil: [0.335, 0.757, 0.781, 0.814, 0.838, 0.862, 0.887,
0.911, 0.943]; for hexagonal coil: [0.128, 0.85, 0.878, 0.906,
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FIGURE 5. Photograph of the experimental setup for magnetic field
measurements.

0.934, 0.963]. Additionally, equidistant spiral coils are fabri-
cated for experimental comparison of their magnetic field dis-
tributions with the optimized coils. The coils are implemented
using Litz wire (28 x 0.1 mm) and placed in a mould, fabri-
cated by 3D printing technology from PLA plastic. Fig. 6(a)
and Fig. 6(c) illustrate the manufactured equidistant and opti-
mized coils, respectively.

For each of the fabricated coils, the magnetic field distribu-
tion is measured. The photograph of the experimental setup is
presented in Fig. 5. A planar S5048 vector network analyzer
(VNA) is used for field measurement. The planar spiral coil is
connected to one of the ports of the VNA through a resonant L-
shaped matching circuit, which transformed the coil impedance
to 50 ohms at a frequency of 200 kHz to increase the sensitiv-
ity of the magnetic field measurements. The nominal values
of the L-shaped matching circuit elements for each coil were
different, and they were calculated based on the measured in-
ductance and resistance of each coil. A calibrated B-field probe
Langer EMV XF-R 100-1 is connected to the second port of the
VNA. The probe is positioned parallel to the planar spiral coil
to detect the normal component B, of the magnetic field only.
The probe is mounted on a three-position scanner manipulator,
which is used to scan the plane above the coil at a height of
30 mm with a 5mm step. At each point, the transmission co-
efficient So; between the planar spiral coil and magnetic field
probe is measured using the VNA. The transmission coefficient
is proportional to the intensity of the magnetic field created by
the transmitting coil.

The measured distributions of the normalized magnetic field
for all six fabricated transmitting coils are presented in Fig. 6(b)
for the equidistant coils and Fig. 6(d) for the optimized ones.
The COV is extracted from the measured magnetic fields using
(7). The theoretical COV values are obtained from the field
distributions, calculated by (3) and (4). Their comparison is
illustrated in Fig. 7. A good agreement between analytical and
experimental results is observed, confirming the accuracy of the
mathematical model proposed in the paper. It can be observed
that in the ROI with a relative size less than 0.5, it is possible to
achieve COV less than 5% for each coil under test. Therefore,
it can be concluded that the optimization algorithm allows for
a significant increase in the homogeneity of the magnetic field
distribution over the surface of the coils.
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FIGURE 6. (a) Fabricated coils with equidistant winding, (b) measured normalized magnetic field distribution at 3 cm height of coils with equidistant
winding, (c) fabricated optimized coils, (d) measured normalized magnetic field distribution at 3 cm height of optimized coils.
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FIGURE 7. Comparison of calculated and measured COV of fabricated coils: (a) optimized coils, (b) equidistant coils. COV was calculated at the
plane with 3 cm height (relative height z/rm.x = 0.24).
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height obtained using quasi-static approximation and FEM simulation.

4. DISCUSSION

4.1. Optimization of Large-Scale Transmitting Coils

In developing the analytical model of a spiral coil in Section 2,
we assume that the operating frequency of the system is suf-
ficiently low, and the length of the conductor from which the
coil is wound is much shorter than the wavelength at the op-
erating frequency. These assumptions allowed us to utilize a
quasi-static approximation and calculate the magnetic field of
the coil according to the Biot-Savart law (1). However, in prac-
tice, there may arise situations where using a transmitter of sig-
nificant size is necessary, meaning that the length of the wind-
ing conductor will be comparable to or even greater than the
wavelength at the operating frequency, and reducing the sys-
tem’s operating frequency is not feasible. This could be due to
various factors such as compliance with electromagnetic com-
patibility standards, high power requirements, safety consider-
ations, etc. In such cases, applying a quasi-static approximation
for the entire coil becomes impractical.

The solution to this problem could be dividing the spiral coil
into multiple nested coils connected in parallel. The number of
nested coils should be chosen such that the quasi-static approx-
imation holds for each of them, meaning that the conductor’s
winding length is much smaller than the wavelength at the op-
erating frequency. When developing an optimization algorithm
for the transmitting coils, this constraint needs to be considered.

We have included this option in the proposed algorithm.
For this purpose, the electrical length of the coil conductor is
checked. If it is equal to or greater than the wavelength at the
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operating frequency of the WPT system, then the algorithm au-
tomatically suggests dividing a large transmitting coil into mul-
tiple nested ones. The division takes into account the resistance
of the coil conductors so that equal currents flow through each
coil when they are connected in parallel, ensuring that the mag-
netic field distribution aligns with the calculated values. This
solution is realized by the greedy number partitioning algorithm
and considers the resultant resistances of the obtained coils to
minimize resistance differences between them.

To demonstrate this method, we considered the circular spi-
ral coil presented in Section 3.3, with radius rp,x = 12.5cm
and optimized PCs [0.208, 0.792, 0.84, 0.864, 0.888, 0.912,
0.936, 0.96, 0.984] at 13.56 MHz operating frequency. In the
case where it is wound from a single wire (shown in Fig. 8(a),
its length becomes longer than the wavelength at the operating
frequency. Fig. 8(c) shows the magnetic field distribution at a
height of 3 cm above the coil (relative height z/rma = 0.24),
numerically calculated using the finite element method (FEM)
in the CST Studio Suite software. A discrete current source
with an amplitude of 1 A was used as the power supply. It can
be seen that there is a strong decrease of the magnetic field in
the center and a discrepancy with the magnetic field distribu-
tion calculated by the quasi-static approximation. The calcu-
lated COV in ROI = 0.55,ax for this case is 3.8%.

The coil was then split using the algorithm described above
into two nested coils with the following PCs: [0.208, 0.792,
0.864, 0.912, 0.96] and [0.84, 0.888, 0.936, 0.984]. The con-
ductor lengths for these coils are 2.93 m and 2.87 m, respec-
tively. The resulting coils are shown in blue and red in Fig. 8(b).
These coils were connected in parallel, and the resulting numer-
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TABLE 2. Comparison of transmitting coils with uniform magnetic field distribution.

Ref Geometry Coi2l size;, Height, Relative height Relative ROI size, COV.% U.%
cm®/cm mm 2/ T'max SROT/Smax
[21] Square Planar 50 x 50 65 0.26 0.64 - 25
[28] Rectangular 3D 22 X 18 x 2 0.5 0.005 0.30 - 20
[16] Square Planar 20 x 20 50 0.5 0.52 - 18
[20] Circular Planar 102 x 7 15 0.15 0.81 12.1 -
[29] Rectangular 3D 114 x 28 x 9 30 0.05 0.68 - 10
[19] Square Planar 80 x 80 100 0.25 0.42 - 9.6
[30] Square Planar 50 x 50 18 0.072 0.49 - 7.2
[22] Circular Planar 4.5 x 4.5 10 0.44 0.44 - 5
[14] Square Planar 20 x 20 1 0.01 0.36 2.2 -
[31] Square Planar 31.5 x 31.5 30 0.19 0.49 - 1
This paper Circular Planar 12,52 x 7 30 0.24 0.50 3.6 7.6
This paper Square Planar 25 x 25 30 0.24 0.50 5.2 13.8
This paper Hexagonal Planar 25 x 21.7 30 0.24 0.50 5.1 8.5

ically calculated field distribution is shown in Fig. 8(c). A dis-
crete current source with an amplitude of 2 A was used to power
the split coil to ensure that the current in each coil was 1 A, as in
the original coil. It can be seen that when the coils are split into
two, the magnetic field distribution corresponds to that obtained
using the quasi-static approximation. In this case, the COV in
ROI = 0.55,,a« is equal to 2.7%. Thus, we can conclude that
dividing the coils into several nested coils connected in parallel
allows us to preserve the field distribution calculated using the
quasi-static approximation for large-scale transmitting coils.

It is also important to highlight the limitations of this segmen-
tation approach. Given that the segmentation of the coil appears
to be at the level of each single turn, this method appears appli-
cable only to systems with the wavelength at the operation fre-
quency much higher than the length of the largest turn. For sys-
tems operating at frequencies where the lengths of the largest
turn approach a significant fraction of the wavelength, alterna-
tive transmitter design architectures such as multi-transmitter
arrays [10] are recommended to maintain high field uniformity
for misalignment tolerant and multi-load WPT systems.

4.2. Comparison with Other Transmitting Coils with Uniform
Magnetic Field

Table 2 summarizes the main parameters of the transmitting
coils with uniform magnetic field distributions, known from the
literature. As all the works optimize coils of disparate sizes and
at different target heights, in addition to the absolute values we
provide relative ones. Some papers use an alternative unifor-
mity parameter instead of COV, which is calculated as follows:

B max Bmin

U =
Binax

®)
Thus, the uniformity U, calculated for optimized coils by (8), is
provided in Table 2 in addition to COV. Here, we note that the
parameter U can also be used as a fitness function for the pro-
posed algorithm. This option has been implemented in our al-
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gorithm, which is publicly available on GitHub [32]. However,
the results of optimization using U as the fitness function are not
included in the previous section to avoid overloading the text,
as the resulting magnetic field distributions are nearly identi-
cal to those obtained using the COV. The distinction between
these two metrics may become apparent during the evaluation
of measured magnetic field distribution. Specifically, COV
tends to average out measurement noise, which minimizes its
impact on the results. In contrast, U is more sensitive to noise,
as it directly compares the maximum and minimum field values
at each measured point. In cases where the literature does not
explicitly specify the ROI size or other key parameters, we es-
timate them by analyzing the provided field distribution plots.

As follows from the comparison, proposed circular coil has
a slightly larger relative ROI with slightly lower uniformity U
than [22]. At the same time, it has a significantly smaller COV
than [20] but in smaller relative ROI size. Optimized square
coil outperforms both designs reported in [28] and [16] in terms
of uniformity U and relative ROI size, and outperforms [19]
in terms of relative ROI size with comparable uniformity U.
In [31] and [14], planar square coils have significantly lower
uniformity and COV because they were calculated not from
the field distribution, but from the voltage, induced on an Rx
coil. The relative ROI size of 0.5, which was utilized for opti-
mization in our work, can be considered a compromise value at
which high magnetic field uniformity can be obtained. A larger
relative ROI size can only be achieved by employing volumet-
ric coils [28,29] or by reducing the allowable field variation
requirements [20].

The comparison of the primary features of the proposed op-
timization algorithm with other planar spiral coil optimization
approaches recently reported in literature is summarized in Ta-
ble 3. In contrast to prior methods that are limited to standard
coil geometries (i.e., circular and rectangular), our algorithm
provides a generalized framework capable of handling arbitrary
convex polygonal coil shapes. In majority of the previously re-
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TABLE 3. Comparison of the key features of the optimization algorithms of planar spiral coils with uniform magnetic field distribution.

Ref Arbitrary Optimization of Handling of Open
coil shape number of turns large-scale coils source
[21] - - - -
[16] - - - -
[20] - - - -
[29] - + — _
[19] - - - -
[30] - - - -
[14] - - - -
31] B B potenFialy B
possible
This paper + + + +
ported approaches, the number of coil turns is predetermined, REFERENCES

while the proposed algorithm optimizes it during the GA exe-
cution. A notable advantage of the proposed algorithm is its
open-source availability [32], which facilitates extensive re-
search and development. Additionally, we note the algorithm’s
ability to optimize large-scale coils for high-frequency applica-
tions due to the proposed segmentation approach.

5. CONCLUSION

This paper presents an analytical model for calculating the mag-
netic field of planar spiral coils of various shapes for the use
in one-to-many WPT systems. An analysis of the magnetic
field distribution was conducted on coils of a standard shape,
namely a single coil and an equidistant multi-coil. A genetic
algorithm was proposed for optimizing the distribution of coil
winding in order to enhance the uniformity of the magnetic field
within the specified region. The proposed algorithm is capable
of optimizing not only standard transmitting coils, such as cir-
cular and square ones, but also convex polygonal coils. This
capability is beneficial in the design of WPT coils that can be
integrated into the casings of diverse products, thereby maxi-
mizing the available space and enhancing the performance of
WPT systems. Validation of the algorithm via direct measure-
ments of magnetic field distribution was carried out on three
coils of distinct shapes: circle, rectangle, and hexagon. The
outer dimensions of the coils were 25 cm, and the optimization
was conducted for a relative ROI size of 0.5 at 30 mm height.
The experimentally determined COV values at ROI were 3.6%
for the circular, 5.2% for the square, and 5.1% for the hexagonal
coils. The COV values obtained are superior to those reported
previously in the literature. We provide open access to the de-
veloped software code that implements the proposed GA for
spiral coils optimization for one-to-many WPT systems [32].
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