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Abstract—Correct choice of coil parameters for resonant
circuits in inductive power transmission systems is a relevant
problem, as it significantly influences the efficiency and
transmitted power in the systems and provides for optimization
of these parameters. This paper presents a methodology of
calculation of geometrical and electrical parameters and
approach to choose the optimal number of turns in planar coils
used in the wireless power transmission (WPT) system with
parallel resonant circuit. Formulas are derived for calculation
of active resistance and inductance of the coil, normalized to
the specified design parameters of the coil. Connection is made
between the design and electrical parameters of the coil, which
allows choosing the optimal number of turns according to
different criteria and guard conditions. The examples of
practical use of the chosen approach with transmitting and
receiving coils of WPT system are presented. The obtained
results show that efficiency and transmitted power in the
system are higher when using the coils with the calculated
number of turns. The proposed approach may be used in
selection of optimal design of loop coils in systems with fixed
frequency, and in systems, whose operational frequency
depends on the parameters of the resonant circuit.

Index Terms—Coils; Inductive power
Optimization; Wireless power transmission.

transmission;

I. INTRODUCTION

Wireless power transmission with inductively coupled
coils is employed in such domains as robotics, automotive
industry, healthcare, etc. [1], [2]. Wireless dock stations
embedded in asphalt covering enable battery charging for
electric cars during they are stopped or waiting, what
increases the endurance of vehicles [3], [4]. Currently, in
autonomous robotic devices, battery cells are most
frequently used for power supply, which are charged in
contact and contactless manner [5], [6]. Wireless power
transmission provides for greater autonomy of mobile
robots. In swarm robotics, individual robots need to
interrupt the task execution and return to dock station to
recharge the battery [7]. Wireless power transmission
system (WPT) allows to simplify this process and to reduce
human involvement in it. Coils of different shapes and sizes
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can be applied in such inductive coupling. A common
solution involves planar spiral coils with and without core.
Planar coils have significant diameter/thickness ratio, what
positively influences the coupling factor between them.
Because they are slim, they can be used in restricted space
settings.

The main parts of WPT system are the receiving coil and
the transmitting one, which define the efficiency and
transmitted power of the whole system. Coil parameter
optimization is performed to boost these metrics; hence, it
poses a relevant problem. Our scientific interest is focused
mostly on application of WPT systems in robotics.
However, let us consider several existing solutions in
various fields to get a broader overview of the topic.

One of the applied domains for utilization of planar spiral
coils in wireless power transmission are the implanted
medical devices. Coils can be integrated into living tissues
on hard and soft printed boards. To obtain required
inductance, the optimum number of turns should be defined,
as well as turn spacing and coil size. For example, the
authors in [8] propose a pair of printed rectangular spiral
coils intended for use in implanted neuroprosthetics. They
propose a design methodology aimed to select the optimal
geometrical parameters of the coils. When designing the
cortical visual prosthetics, the following parameters of the
device were subject to constraints: inner and outer
diameters, coil spacing, working frequency, conductor
dimensions, nominal load value, thickness, and dielectric
permeability of the substrate. The following parameters
were optimized: coil size, fill factor, wire diameter, and gap
between the coils of the receiving and the transmitting coils.
Optimizations were performed in iterative manner, until the
efficiency reached the maximum value for the selected
working frequency. Because the working frequency of the
system influences the efficiency and optimal geometry of
the printed coils, the authors fabricated two prototypes with
working frequencies of 1 MHz and 5 MHz with effective
power transmission of 41.2 % and 85.8 % respectively by
10 mm distance. The disadvantage of this solution consists
in maintaining fixed distance between the coils, because
when putting WPT system in practice, mutual positioning of
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coils can influence the performance efficiency and
transmitted power.

As in the previous paper, the coils presented in [9] are
intended for implanted devices. The authors consider an
assembly of resonant circuits with four squared coils. They
provide a methodology for optimizing parameters of the
coils to achieve high efficiency of WPT system performance
considering the following constraints: load resistance, gap
between coils, and frequency. The authors conducted
experiments with biological tissue and presented the
experimental results with different variations of planar coils.
Using four coils, the efficiency is increased due to high Q-
factor. Both round and square coil shapes are analysed and
optimized to ensure maximum efficiency at certain spacing
between the receiving and transmitting coils. The analysis
revealed that the round coils show lower Q-factor and
power transmission efficiency, than the square ones. At the
same time, the developed methodology has a specific field
of application and corresponding limitations on scaling.

The methodology of coil design and optimization of
multiband wireless link for neuroprosthetic implantable
devices is presented in [10]. For power transmission and
data transfer, as well as for reverse telemetry, three separate
signals and coil/antenna pairs are used. The power is
transmitted at frequency of 13.56 MHz with a pair of
printed spiral coils. The authors proposed two designs of
coils in respect to potential application domain. They
studied how the wire diameter and number of turns (from O
to 10) influences the coupling coefficient between the coils.
If the coil positions relative to each other remain stable, then
the pair of perpendicularly positioned coils is proposed,
wound down the perimeter of printed spiral power coils. By
variable spacing between the coils, accompanied by axial
deflection, authors suggest using a pair of planar coils laid
out in 8-knot pattern and being in the same plane as the
planar power coils. A configuration is proposed where
power transmission is effected by varying distance between
the transmitting and receiving parts, whereby the WPT
system performance drops significantly when the distance
between the coils increases. The proposed methodology is
intended for calculating the range of parameters needed for
neuroprosthetic applications.

Thus, coil device optimization is performed to achieve the
required inductance in implanted medical devices, which
being inserted into living tissues, are strictly constrained in
size and weight. When using the coils in medical devices
[11], [12], it is necessary to define the efficiency and
transmitted power by different possible layouts of
transmitting and receiving coils relative to each other,
because the coils are not stationary and may be displaced in
the process of power transmission. However, any choice of
coil parameters depends on the intended application [13],
[14], [15] and still requires more unified techniques.

For example, the transportation sector requires
significantly more powerful WPT systems than the
prototypes discussed above. Let us consider several
solutions in this field. The authors in [16] presented a WPT
system for electric bicycles with power of 100 W. Bearing
on the required value of mutual inductance, optimization of
turn number was performed, and the value of 9 turns was
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chosen for both receiving and transmitting coils. When
selecting the number of turns, the authors also considered
the requirements that the coil must be lightweight, compact,
and cheap. WPT system optimization based on mutual
inductance value is a suboptimal solution, because by
varying distance between the receiving and transmitting
coils, the mutual inductance also changes. However, this
approach is impractical in robotics, because axial deflection
and coil spacing alterations are possible, which render the
whole system inefficient.

A WPT system for electric cars is presented in [17]. The
authors show an analytical model of the system, in which
the influence of system dimensions on mutual inductance is
studied. Based on the analytical model, the coil dimension
optimization is performed, where the working frequency of
the coils is 10 kHz [18]. Further, the system performance
efficiency before and after the optimizations is calculated. It
was revealed, that to achieve high efficiency, the radius of
the receiving coil should be close to the radius of the
transmitting coil, if the distance between two coils is less
than the radius of the transmitting coil. If this distance
exceeds the radius of the transmitting coil, as well as when
the coils are displaced relative to each other, the radius of
the receiving coil should be increased proportionally to the
distance between the coils. The efficiency of the optimized
system is 19 % higher than in the non-optimized design by
coil spacing of 30 cm and transmitting coil radius of 20 cm.
The maximum efficiency of the optimized WPT system is
85 % and it is achieved with air gap of 20 cm, whereas the
efficiency of the non-optimized system is 67 %. The
proposed optimization method based on the finite element
method can be applied to rectangle-shaped coils.

In indoor robaotics application, when the working area of
robots is defined and limited, the following solution can be
implemented. The transmitting part of the charging device is
mounted under the surface, on which the robot works, what
effectively detaches it from the stationary dock station. This
setup allows proceeding with the task execution while
recharging the battery. Such a WPT system, based on
inductive coupling, is presented in [19]. The authors
performed structural optimization of transmitting and
receiving coils and studied the influence of turn number in
the coil on coupling factor. The optimization objective
consisted in the increase of allowable mutual displacement
of the coils and system performance increase. During
optimization, the performance of single-layer and double-
layer coils, each containing 7 turns, was performed. It was
revealed that double-layer coils are preferable compared to
single-layer ones. The performance efficiency of the
optimized prototype is 50 % in the allowable range of coil
displacement (from 0 mm to 100 mm). The output power by
the values of air gap and frequency given above allows
employing the proposed WPT system for charging of
mobile robots.

Prior to optimization, theoretical calculations and
empirical comparisons of different proposed designs of
planar coils in practice are performed. The key coil
parameters subject to optimization are size, wire diameter,
number of turns, copper volume, and fill factor. During
optimization, the finite element method is often employed
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with the aid of specialized software. In the papers
considered above, the authors optimize the geometrical
parameters and the number of turns in the coil in context of
mutual inductance parameters, coupling coefficient, and
power transmission efficiency.

The proposed methodologies do not allow respecting and
considering all the coil characteristics and their indirect
parameters, which influence the efficiency and transmitted
power in WPT systems, as every methodology is aimed to
improve only a certain characteristic. The calculation of
direct and relevant indirect parameters of spiral coils, as
well as selection of the optimal solution in the context of the
specified constraints, provide for increase of efficiency and
transmitted power, as well as reduce size and weight of the
finished system. The aim of this paper consists in the
development of a calculation methodology and an approach
to selecting the optimal number of coil turns considering the
specified constraints for planar helical coils utilized in WPT
systems as loop coils. The proposed solutions can be applied
to select the optimal coil model depending on the target
parameters: loop coil size, wire diameter, operational
frequency, allowable current, power losses, and other
indirect parameters. The distinctive feature of the proposed
approach is that it is not intended to optimize loop coil
metrics relative to the known mutual layout of inductively
coupled coils or related metrics, what is relevant in terms of
real-world WPT system operation.

Il. CALCULATION OF PARAMETERS OF THE LOOP COIL AND
SELECTION OF TURN NUMBER

WPT system performance efficiency heavily depends on
correct parameter selection for loop coils in receiving and
transmitting loop. Loop coil optimization is a multi-criterion
problem due to coupled parameters indirectly influencing
each other. Planar spiral loop coil (Fig. 1) can be
characterized in terms of its design features by the following
parameters: number of turns N, coil pitch d, and initial
winding radius r.

N

—

Fig. 1. Design parameters of a planar spiral coil.

The parameter of power transmission efficiency directly
depends on the coupling coefficient between the receiving
and the transmitting coil, which is calculated upon the
mutual inductance between the coils [20]

M 12 (DM I@M 2

Jul, \ 2@,

where Mj, is mutual inductance; L;, L, are inductances;
Dy1, Omp are magnetic fluxes of mutual inductance; @iy,
@y are magnetic fluxes of self-inductance in the
transmitting and the receiving coil, respectively.

WPT system utilization assumes variable air gap and
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axial displacements between the coils. Consequently, the
coupling coefficient is not a constant value, but according to
(1), it decreases with increase of power transmission
distance, because such increase causes drop in inductive
coupling M12. Coupling coefficient shows which part of the
magnetic flux, induced by one coil, causes electromotive
force (EMF) in the second coil

do
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Hence, as follows from (2), to increase the transmitted
power and performance efficiency of the system as a whole,
generally it is required to amplify either the coupling
coefficient between the coils, what is feasible only if the
parameters of mutual layout of receiving and transmitting
coils can be changed, or the magnetic flux, which induces
EMF in the receiving loop. In real-world application of
WPT systems in robotic devices, precise mutual layout [21]
of coils by energy transfer and repeated achievement of it
poses a difficult task. In the situation described above, this
approach has no practical advantages over the contact
methods. Hence, selection of the optimal kind of loop coil
should not be based on mutual inductance parameter and its
maximization.

According to the Biot-Savart-Laplace law, the value of
the magnetic inductance vector caused by any elementary
current in every point of space is proportional to this
current. The magnetic flux is proportional to the value of
magnetic inductance B, which in turn is proportional to the
current | in the conductor. This leads to conclusion that @ ~
I and the inductance value L (3) is the proportionality factor

@)

It follows from (3) that it is possible to increase the
magnetic flux generated by the transmitting coil boosting
the current that flows through it or boosting its inductance
value. Thereby, the parameters L and I, of the coil in the LC
loop working at the resonant frequency are coupled
according to (4)

D=1LI.

U

l,=———n
Jerfly +R,?

where U is amplitude of alternating voltage fed to the
resonant circuit, f is working frequency of the loop coil, and
Reon IS active resistance of coil conductor.

Altering of turn number in coil modifies its inductance,
and consequently its reactance. In addition, with number of
turns changes the length of the conductor and its active
resistance. In presence of such connections, any parameters
of the coil must be calculated depending on the number of
turns. To that end, it is necessary to express all the estimated
relationships through the geometric parameters of the coil.

Electric parameters of the coil are its inductance and
active resistance values. The value of active resistance of
the uniform conductor with uniform cross-section is
calculated according to (5)

(4)
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where p is specific electrical resistance of the conductor
stuff; leon is conductor length; S is cross-sectional area of the
conductor.

The length of the conductor in a spiral planar coil
depending on the number of turns is calculated according to

(6)

| =27(Nr +d(0.5N* —0.5N)). (6)

The active resistance of the conductor in the spiral coil
was calculated by (5) and (6).

Calculation of inductance value of the planar spiral coil
can be performed with decent accuracy according to the
empirical Wheeler formula [22], [23] normalized to the
metrical units and geometrical parameters of the coil given
above

I__&1000 (2r + Nd)*N? @)
4z 254 32r+60Nd '
where po is magnetic constant.

Upon the current amplitude value I (4), losses Py are
calculated, which are caused by active resistance of the loop
coil

P, =(lnyR,, ®)

N

To perform coil comparison and choose the optimal
number of turns, a parameter must be introduced that can be
correlated with the loss parameter P4 and that characterizes
the amount of energy of the magnetic field being
accumulated in the loop coil per unit of time

P —(myers,

NA

The p parameter allows contrasting the coils with
different number of turns more vividly. The y is the ratio of
loss in the loop coil to the energy of magnetic field
accumulated in the coil per unit of time

©)

(10)

The y coefficient is the Q-factor of the loop coil expressed
through power on the given frequency. The y values less
than 1 show that coil losses exceed the magnetic field
energy being accumulated in the coil per unit of time.
Increasing the number of turns, the loss in coil drops,
because inductance and reactance in it grow, and
consequently the idle current value decreases.

The approach to turn number selection assumes tabular
calculations, as by such data representation it is most
convenient to compare and contrast the estimated coil
parameters. The initial parameters for calculations are: Up —
amplitude of alternating voltage fed to the resonant circuit, f
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— working frequency of the loop coil, r — initial radius of the
winding, d — coil pitch, p — specific resistance of the
conductor stuff, S — conductor cross-section, and j —
permissible current density in the conductor.

This paper extensively studies the possibilities of
selection of the optimal number of turns N* in the coil by
predefined initial radius and coil pitch. Though the formulas
given above can be used for selection of optimal coil
parameters by variable pitch or initial radius, or working
frequency of the system.

As an example, a permissible current value for the
conductor was specified, as a limiting condition in the
presented approach to selection of optimal turn number

IPN={N|(N,SNSN)A(<IN}eR". (11)

This parameter is calculated according to permissible
current density j and specified cross-section S of the
conductor

1P =jPs. (12)

The objective function is presented by the actual current
in the coil conductor: 1: N — R". Therefore, to ensure the
maximum transmitted power, |(N)———max.

If the objective of the coil parameter selection is to
minimize the weight and the dimensions of the coil, then the
constraints concern coil size or resonant circuit capacitance.
If a self-oscillator is used in the transmitting part of the
WPT system, with frequency-setting LC circuit, the
selection of the optimal coil with fixed capacitance of
resonant circuit and variable working frequency, which
depends on the inductance of the loop coil, may be of
particular interest.

For selection of optimal number of turns of loop coil by f
= const, the range of possible turn values [N1, N>] is set. For
every N value using the presented formulas, the geometrical
(Icon) and electrical (Reon, L) coil parameters are calculated.
Further, the actual current value | = I,/A2 in the conductor
is defined, depending on which the optimal number of turns
B N* is chosen, so that I(N*) = max I(N).

By f = var, first for each N, geometrical and electrical
parameters of the coil are calculated, then the working
frequency is determined according to (13)

(13)

Further, similarly as by f = const, | and N* are defined.
By specified constraints of coil dimensions, its outer
diameter is calculated according to the formula D = 2(r +
Nd), and the number of the turns is chosen so that Dpax < D.

I1l. PARAMETER CALCULATION AND OPTIMAL TURN
NUMBER SELECTION CASE

The evaluation of the developed approach was performed
by comparison of theoretical calculation results with the
experimental data. In the Table I, the initial parameters are
given for selection of optimal turn number for the receiving
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and transmitting coils of low-power WPT system for further
employment in swarm robotic system to redistribute energy
among swarm agents [24]-[26]. Circuit and design solutions
for the receiving [27], [28] and transmitting parts of WPT
system are presented in our previous research, where the
WPT system of moderate power is considered [29], [30].

TABLE I. INITIAL PARAMETERS FOR THE CALCULATIONS.

Q-factor is higher, whereas the lost power is 1.4 times
lower. In the case of C = const, the Py is also lower. It
equals to 8.14 W, which is less than in the 15-turn coil on
44 kHz frequency approximately by 3.9 %. It is also worth
noting, that by loss level of 0.6 W in the 15-turn coil in
calculations with C = const, such a loss value corresponds
to the 8-turn coil. In this case, magnetic field energy
accumulated in the coil per unit of time will be higher,

Parameter Value Parameter Value g
U, A ) 00171 Of specifically, Pm = 11.98 W.
f 44 kHz S 0.374 mm? TABLE Ill. CALCULATION RESULTS BY f = var, C=const.
r 19 mm i 6 A/mm? N,
r 074 mm wrn | fkHz 1A Pa, W Pm, W y
1 771.41 25.30 3.49 89.45 25.60
Table Il shows the results of theoretical calculation of 2 391.14 12.83 1.83 45.35 24.76
parameters for the coil with turn number range from 1 to 20 3 263.99 8.66 1238 30.61 24.00
by constant working frequency. 4 200.16 6.56 1.00 23.21 23.30
5 161.67 5.30 0.83 18.74 22.66
TABLE Il. CALCULATION RESULTS BY f = const. 6 135.87 4.46 0.71 15.75 22.07
N, Reon, | | WH | 1A Py W P W y 7 117.33 3.85 0.63 13.60 2153
turn Ohm ' ' ' '
1 | 00055 | 0.09 | 433.43 | 102541 | 1497.24 | 1.46 8 103.35 3.39 057 1% 2102
2 0.0111 0.35 113.31 142 éo 398 63 2.79 S 9240 3.03 0.52 071 205
3 0'0170 0.77 51 '79 45 63 182.53 4'00 10 8359 274 048 %.69 2010
' ' : : : ' 1 76.33 2.50 0.45 8.85 19.69
4 | 00231 | 135 | 2981 20.53 105.18 5.12
12 70.25 2.30 0.42 8.14 19.29
5 | 00294 | 206 | 19.46 11.14 68.70 6.17
6 | 00350 | 292 | 1375 | 679 | 4856 | 7.5 13 | 6507 2.13 0.40 754 18.92
7 | 00427 | 391 | 10.25 4.49 36.23 8.07 14 60.60 199 0.38 703 18.57
5 1 00496 | 505 e 314 2811 8.95 15 56.70 1.86 0.36 6.57 18.24
9 | 0.0568 | 6.31 6.36 2.30 22.48 9.78 16 53.27 175 0.34 6.18 17.93
10 | 00641 | 771 | 521 | 174 | 1840 | 1058 17 | 5023 165 0.33 582 17.63
11 | 0.0717 | 9.25 434 1.35 15.34 11.35 18 4751 156 0.32 551 17.35
12 | 0.0795 | 10.92 | 3.68 1.08 13.00 12.08 19 4507 148 031 522 17.08
13 | 0.0875 | 1273 | 3.5 0.87 11.15 12.80 20 4285 141 0.30 4.97 16.82
14 | 0.0958 | 14.68 | 274 0.72 9.67 13.49
IV. EXPERIMENTAL TESTING OF THE PROPOSED APPROACH
15 | 0.1042 | 16.76 | 2.40 0.60 8.47 14.16 o o
6 | 01128 | 1899 | 2.12 050 748 1481 For the estimation of efficiency of the proposed approach,
17 | 01217 | 2136 | 188 043 6.65 15 44 the real-world experiments were performed with the
18 0.1308 | 23.87 1.68 0.37 5.95 16.07 selected optimal variants of |00p coils comprising the WPT
19 | 01401 | 2654 | 151 0.32 535 16.67 system, which are further compared with a coil having an
20 | 01496 | 2935 1.37 0.28 4.84 17.27 ad-hoc number of turns from the possible range (Table 11

Based on (12), for the given initial parameters, the
permissible current value in the conductor 1} is 2.24 A.
Consequently, feasible designs are the coil with the number

of turns ranging from 15 to 20. Loop coil with 15 turns has
the actual current value of 2.4 A, what exceeds the

calculated value of 1? approximately by 7 %. Hence, it is
possible to use this design. Considering the specified current
constraint, the coil with 15 turns is the best fit.

Calculation results for the case with variable working

frequency are shown in Table Ill. The calculation is
performed for the capacitance of the resonant circuit C =
0.47 pF.

According to the Table Ill, allowable variants in context
of the constrained current value in coil conductor are the
ones in the range from 12 to 20 turns. Based on the criteria
of maximum transmitted power and energy transmission
distance, the optimal variant is the coil with 12 turns.
Comparing the coils with optimal number of turns by f =
const and C = const, we conclude that in the latter case the
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and Table IlI). It is necessary to bear in mind that the
objective is to maximize the transmitted power and
efficiency of the system with the specified current limit in
the loop coil. The performed tests are intended to support
only the validity of the developed approach to selection of
turn number in coils, but not the accuracy of calculation of
numerical dependent parameters. To test the proposed
approach, three kinds of coils were made with 12, 15, and
19 turns, respectively. In the first experiment, the consumed
power of the transmitting part of the system and output
power of the receiving part of the system were tested with
fixed power transmission distance. At the first stage of the
experiment, two coils with 15 and 19 turns were compared
within a WPT resonant circuit with operational frequency of
44 kHz. The results of this stage of the experiment are
presented in Fig. 2 as a function of energy transfer
efficiency from transmitted power. The coils were in close
proximity during the experiment.

As follows from the presented curve, when using the 15-
turn coil, the energy transfer efficiency increases in the
whole range of the transmitted power. The maximum
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transmitted power was 8.77 W for the 15-turn coil and
6.55 W for the 19-turn coil, energy transfer efficiency
reached 54 % and 48.6 %, respectively. The calculated
value Pr is 3.4 % lower than the experimentally obtained
maximum value of transmitted power. This discrepancy is
caused by the influence of inductive coupling between the
coils on the working frequency and parameter divergence in
actual elements of the resonant circuit.

60

50

-
=

Efficiency (%)
s =2

—
=)

=}

0 2 4 6 8 10
Transmited power (W)

19 turns ® 15 turns

Fig. 2. Dependency of the system efficiency from the transmitted power for
the coils with 19 and 15 turns.

In the second stage of the experiment, the coils with 12
and 19 turns were compared in the WPT resonant circuit
with fixed capacitance C = 0.47 uF. The obtained
dependencies are shown in Fig. 3.

60

wh
1=

'
o

Efficiency (%)
s 3

—
o

o

0 2 4 6 8 10
Transmited power (W)

19 turns @12 turns

Fig. 3. Dependency of the system efficiency from the transmitted power for
the coils with 19 and 12 turns.

As follows from the graphical dependencies, the
efficiency of wireless energy transfer system in the whole
range of transmitted power is higher for the 12-turn coil
than for the 19-turn coil. The system reaches maximum
efficiency of 53 % with transmitted power of 5.58 W. The
maximum transmitted power with 12-turn coil was 8.64 W.

The second experiment-included measurement of
consumed power in transmitting and receiving parts of the
system with fixed load resistance connected to the receiving
part and variable distance between the receiving and
transmitting coils. The dependencies obtained for the
efficiency and transmitted power of the system from the
energy transfer distance for three kinds of coils are shown in
Fig. 4 and Fig. 5.

When the distance between the coils increases, the
performance efficiency and transmitted power of WPT
system drops because of decrease of mutual inductance
value. Power transmission efficiency with 12-turn and 15-
turn coils is higher than with 19-turn coil in the whole
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energy transfer range. The maximum power transmission
efficiency is achieved at distances less than 25 mm with a
15-turn coil. The average difference value in power
transmission efficiency between 19-turn and 15-turn coils is
7.5 %.

Efficiency (%)
— rJ ) F L o ~1
(=] (=] (=] (=] (=} (=] (=]

=]

0 5 10 15 20 25
Energy transfer distance (mm)

19 turns 15 turns 12 turns

Fig. 4. Dependency of system efficiency from power transmission distance
for coils with 19, 15, and 12 turns.

As follows from the curve in Fig. 5, the transmitted
power value in the whole range of distances is higher in
optimal coil designs. For the 15-turn coil, the transmitted
power in the range of distances less than 25 mm is by
79.6 % higher than in 19-turn coil, on average. In 12-turn
coil design, the average value of difference in transmitted
power was 30.4 %.

Transmited power (W)
o —_— W th O\ ~1

o
L

10 15 20 25
Energy transfer distance (mm)

19 turns 15 tums 12 turns

Fig. 5. Dependency of the transmitted power of the system from energy
transfer distance for the coils with 19, 15, and 12 turns.

The curves of dependencies for efficiency and transmitted
power for the coils with 12 and 15 turns are similar in shape
and values, what conforms to theoretical calculations. The
curves of the transmitted power and efficiency for the 12-
turn coil are lower down the y-axis than the respective
curves for 15-turn coil, what indirectly confirms the validity
of theoretical calculations presented above. The
experimentally obtained parameters of efficiency and
transmitted power are higher when using theoretically
calculated optimal coil designs.

The experimentally obtained results confirm the
theoretically calculated data based on the developed
methodology, as well the correctness of the developed
approach to selection of turn number for a planar spiral coil.
The presented methodology enables calculations to choose
the optimal design of loop coil in WPT systems intended to
maximize one of the system parameters: the transmitted
power and efficiency, allowable dimensions, operating
frequency of the system, etc. The proposed approach, in
contrast to other research, does not require acting upon
predefined parameters of coupling coefficient or mutual
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inductance, and therefore it does not constrain coil layout
when the system is put in practice, what is particularly
relevant in mobile robotic devices.

V. CONCLUSIONS

The calculation methodology presented in this paper, as
well as the approach to selection of the optimal number of
turns for the loop coil, allow finding the best solution
respecting indirect parameters by specified criteria and
constraints. Tabular calculations allow conveniently
representing the coil parameters, comparing and contrasting
different designs. The paper presents a case of coil
parameter calculation by fixed frequency and capacitance of
the resonant circuit. From the calculated designs, the ones
are chosen that meet the criteria of maximum transmitted
power respecting the limit of permissible current in the coil
conductor. Experimental test was performed via comparison
of the suboptimal coil designs chosen upon calculation
results, with the suboptimal one. Based on the obtained
values, graphical dependencies are drawn for system
efficiency and transmitted power from the energy transfer
distance. The obtained results show that the system
efficiency and transmitted power are higher when using the
coils selected according to the proposed approach.
Transmitted power at 10 mm distance when using the
optimal coil design is 54 % higher in calculations with the
fixed working frequency of the system and 23.5 % higher
with fixed capacitance value for the resonant circuit. The
increase in power transmission efficiency is 7.5 % and
3.4 %, respectively. When the coils are in close proximity,
the optimal coil design allows increasing the transmitted
power by 33.8 % for a 15-turn coil and by 31.9 % for the
12-turn coil, maximum efficiency difference compared to
19-turn coil amounts to 5.9 % and 5 % respectively by load
current of 1.2 A. The obtained experimental data confirm
correctness of the presented calculation methodology and of
the developed approach to the selection of turn number for
planar spiral coils. Application of the proposed
methodology for calculation of coil parameters in wireless
power supply systems for autonomous sensors can
significantly influence the development of cyberphysical
systems [31], [32].
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