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Abstract: This paper analyses the conceptual application of a wireless power transfer (WPT) system
with multiple resonators supplying outdoor sensors using a mobile charger. The solution is based on
the idea of using sensors, located in open space, to monitor environmental parameters. Instead of the
typical two-coil WPT with a single charger, energy transfer is realized simultaneously, using a group
of identical planar coils as transmitters and receivers connected to the independent power supply
circuits of each sensor and microcontroller. By isolating these charged circuits, a higher reliability
and powering flexibility of the weather station can be achieved. The concept of the proposed system
was discussed, and it was proposed to include the main devices in it. A theoretical analysis was
performed considering all mutual couplings and the skin effect; hence, the system is characterized by
a matrix equation and sufficient formulae are given. The calculations were verified experimentally for
different frequencies, two possible distances between the transmitters and receivers, and equivalent
loads. Both the efficiency and load power are compared and discussed, showing that this solution
can provide power to ultra-low-power devices, yet the efficiency must still be improved. At the small
distance between the transmitting and receiving coils (5 mm), the maximum efficiency value was
about 40%, with a load resistance of 10 Q). By doubling the distance between the coils, the efficiency
of the WPT system decreased by three times.

Keywords: wireless power transfer; resonating grids; low-power systems; planar coils

1. Introduction

Wireless power transfer (WPT) systems are used in many fields, such as electric vehicle
charging [1-4], electric vehicles (PHEVs) [5,6], implantable medical devices (IMDs) [7-9],
and consumer electronics [10,11]. WPT technology is used in robotic systems [12], commu-
nication sets [13-15], and Internet of Things (IoT) applications [12,13]. WPT technology
is divided into two main classes. The first group is radiated far-field WPT [16-18]. The
second group is non-radiated near-field WPT. A three-phase charging system was proposed
in [6,19]. In [6], it was used to charge an underwater vehicle. In electric vehicles (EV), the
coils used have different shapes (circular, planar, square) [20].

Many authors have analysed the shape of these coils and how they are wound. In
article [21], an optimized winding model was proposed. In this approach was used a
multi-strand Litz wire. This type of wire used allows the skin effect to be reduced, espe-
cially at high frequencies. Litz wire is one of the best solutions to reduce the skin effect.
Unfortunately, it cannot be used for winding small planar coils. For this reason, in small
coils, it is important to know the influence of the skin effect on system efficiency.

In article [22], textile-based coils for a near-field WPT were analysed. The authors
researched the production of a textile-based coil taking into account the QI standard. These
coils were analysed due to their characteristics. The focus was on the efficiency of the WPT
system. In article [23], the authors analysed sewn, laser cut, and printed inductors. The
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embroidered coils had diameters of 0.04, 0.05, and 0.06 m. One of the coils was made of a
silver-coated yarn. The coil was printed on the carrier fabric. They have shown that this
type of coil was not appropriate for the WPT system. The reason was that the resistance of
the coil is too high.

The typical topologies are series and parallel combinations. In article [24], the series—
parallel mixed topology was analysed. This approach makes the transmission radius larger
than the typical serial topology. Transfer efficiency is also greater than the typical parallel
topology. In article [25], the authors showed a series—parallel-series topology. This topology
allows the power rating to be shifted in the event of significant misalignment. In article [26],
the skin effect at high frequency was investigated. The authors showed a plane spiral layout
with an air hole. In this approach, they indicated that in order to decrease the skin-effect
loss, the thickness of this coil must be the same as the skin depth. The authors of [27,28]
proposed various types of array coils, e.g., domino. However, the study was conducted
only for the serial configuration, when the series—parallel system had not yet been fully
analysed. A pair of coils is used to implement the WPT. Multi-coil technology solutions
typically operate at high frequencies. In some cases, power transmission is supported
by metamaterial structures [29,30]. In study [31], a project on efficient wireless power
distribution systems based on resonant inductive arrays was presented. In this work, the
authors showed how to use multi-resonator arrays to charge and power several electrical
devices in parallel, with an almost constant transmitted power and using a single power
source. The presented wireless power distribution systems improve power transmission
efficiency (PTE) in free positioning by up to 30%. The use of arrays to transfer power
to freely moving objects was presented in publication [32]. The authors presented an
extensible platform for transmitting power to a moving object receiving power from the
array. The transmitter consists of two overlapping layers of square planar coils rotated
45 degrees. Each layer consists of four coils to further control the power supply of a small
receiving coil. This overlapping star-pattern was automatically stimulated by the power
amplifier. By redirecting the current of each small square element in each array with a
flower-shaped current, the receiver coil perpendicular to the transmitter plate can obtain
power comparable to conventional designs.

In this article, the authors consider the power supply system of the ultra-low-power
devices. The group of such receivers includes, e.g., sensors, integrated circuits, low-power
communication stations, and wearable electronics. As one of the alternatives of current
solutions, a charging method based on many resonators was proposed, where the energy
is transferred to the target devices simultaneously and independently. This approach
makes it possible to increase the reliability of the charger and makes possible the operation
of receiving devices by using its own WPT system, battery, and electric separation of
individual circuits from each receiver. Thus, potential damage or abnormal operation
(including short-circuits and overvoltages) of the resonators, rectifier, battery, or connecting
cables of one of the receivers will not significantly affect the functionality of the others.
However, a multi-coil system with more than one load requires prior analysis of its electrical
parameters, i.e., mainly power and efficiency, before being used in practice. Hence, an
uncomplicated circuit model (but at the same time one considering the most important
phenomena) is needed for research and design purposes. Section 2 presents the idea
of creating such a multi-element circuit. An example of this could be an autonomous
set of sensors recharged by a mobile energy source. The electrical model of this system
was characterized taking into account a series of couplings representing mutual coupling
through the magnetic field. A laboratory stand for the preliminary, experimental verification
of the theoretical research is also described. Section 3, in addition to the characterization of
the exemplary WPT device, contains a comparison of the results of theoretical calculations
and measurements performed on the test stand. The influence of the dependence of
efficiency and power on the frequency and the equivalent load resistance was presented.
Section 4 is devoted to a summary of the work and the most important conclusions drawn
from the conducted research.
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2. Materials and Methods
2.1. Multi-Coil Wireless Charging System

Multiple planar coils can be used simultaneously to transfer energy to one or multiple
loads. The parallel connection of the inductors and the subsequent operation of the
inductive power transfer device (IPT) reduces the potential resistive losses from one larger
coil or a series of connected coils, i.e., in configurations with an equivalent resistance
higher than in a parallel topology. For example, such a topology was previously presented
in [33,34], where the transmitting and receiving surfaces, consisting of periodically arranged
planar inductors, were mainly analysed using numerical models. Possible applications
were associated with the simultaneous power supply of beacons and sensors placed in
walls/roofs or with electric vehicles (e.g., forklifts) operating in a limited area, under
which a WPT system was installed for continuous energy transfer to the vehicle. The
prospective implementation is also wireless rechargeable sensor networks (WRSN) with
unmanned aerial vehicles (UAV) as energy sources. These networks have raised the interest
recently [35,36], since they make it possible to create a wirelessly connected group of sensors
deployed in any area where widespread UAVs provide charging capability.

Outer surface
(e.g. rooftop, wall)

SULLINSNVYYHL

d;|

SY3AIFOFY

Power supply of
sensors and MCU

X

Figure 1. An exemplary realization of the concept of charging multiple low-power devices—a drone
(energy source) with transmitting coils approaches the surface (e.g., a rooftop) with mounted receivers
to charge the batteries connected to sensors and other electronic modules.

In the previous works, a simplified infinite grid was considered, and some parameters
(mutual inductances) were identified numerically. Here, the finite grid was examined, and
no numerical models were used during the analysis. The considered situation (Figure 1)
concerns the case in which the UAV is equipped with a battery pack, an inverter, and a
matching network, which (from the point of view of the electrical circuit) can be interpreted
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as a voltage source U; with an internal resistance Rs. At the bottom of the UAV, a set of
coils has been installed—they will act as energy sources in the WPT. While on the small
landing pad, placed at any outer surface, identical coils are secured and connected to a
group of sensors. In the simplest of assumptions, these sensors will require a battery, a
microcontroller unit (MCU) to control the operation of the system, and a wireless commu-
nication module (TR), as shown in Figure 2. We can distinguish an example set of probes to
measure environmental properties such as temperature, humidity, air pressure, air quality,
CO,, magnetic field, and sun sensors. Furthermore, a TR device with an antenna and an
MCU power supply is required. In this scenario, each module has its own transmitting
(Tx) and receiving (Rx) resonators: the rectifier and battery. Hence, a failure or disruption
of any module (despite the TR and MCU) will not affect the operation of other devices.
For example, damage due to the overvoltage of the Rx resonator and the rectifier of the
humidity sensor will not affect the others, because other modules have individual receivers.
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Figure 2. The schematic of an exemplary measurement system of sensors (temperature, humidity,
sunlight, etc.) with a communication module (TR) and a microcontroller (MCU), powered by a mobile
energy source (Us, Rs) using a wireless power transfer (WPT) with resonant coils (L., Cc).

In this case, nine devices (7 sensors + TR + MCU) were considered; therefore, nine Tx/Rx
resonators were used. To “standardize” the problem, all resonators were identical and
made as circular planar coils, characterized by self-inductance (L.), with a series-connected
lumped capacitor (C.). Additionally, any DC load in an AC circuit can be modelled as an
equivalent resistance (R), representing the resulting combination of the rectifier, battery, and
functional device. The receivers are isolated from each other; meanwhile, the transmitters
are connected in parallel.

However, according to Figures 2 and 3, with a marked voltage drop in U;, at the
input terminals, each Tx coil can be connected to a different voltage source, for example,
a separate battery pack with an inverter. This will ensure galvanic separation between
the transmitters and the possibility of individual U;, control. In the presented variant,
the transmitters are connected to a single source. The purpose of this was to reproduce
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the ability to use the UAV’s main battery pack with only one inverter. It also simplified
the analysis of the system at the preliminary research stage, helping to identify its basic
features and limitations and the relevance of the simulation model.

2.2. Equivalent Electrical Circuit

The WPT power supply system is based on two square surfaces consisting of nine res-
onators (Figure 3) with outer size d., a wound with a wire of diameter d;, and insulation
thickness d;, where the number of turns was n;. Numbers 1-9 were assigned to the Tx
circuits, while numbers 10-18 were assigned to the Rx circuits. Due to the parallel connec-
tion of the Tx resonators, an equal voltage drop (U;,,) was found at the input terminals,
while the Rx coils directly powered the loads Rg—R;g. The WPT was made by magnetically
coupling the Tx and Rx sides. However, the energy transfer occurred not only between
two vertically facing coils (Figure 1), but also horizontally and diagonally, i.e., between any
one coil and the other seventeen.
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Figure 3. The electrical circuits of the transmitting and receiving surfaces with magnetic couplings:
each a-th coil is magnetically coupled with the other b-th coil by the mutual inductance M, ;, (like the
example inductor no. 5).

The mutual inductance (M, ;) of an arbitrary coil and any planar resonator (2 and b
were the numbers of these coils, respectively) can be found using formula [37]:
5 PoPo
s? (1+ cos(¢@2 — - - sin(¢@y —
uo // b P192) cos(¢2 — ¢1) — (92 — ¢1) sin(¢2 — ¢1) dgy dos, 1)
dZz + (dy

+ sy cos ¢ — s¢pq COS (;71) (dy—l—sq)z sin ¢y — s sin (pl)

where s is the screw pitch, s = (dy + d;)/(27) in [m]; ; is the starting angle of the spiral,
D; =[d./2 — (dw + dj)nt]/s; Do is the ending angle of the spiral, &, = dc/2s; ¢1, ¢, is the
angles of rotation along the edge of the spiral. Additionally, d, is the vertical distance
(between coil a and b) in [m]; dy, dy, are the horizontal distances (between the a and b
coil) along the x and y axes in [m] (Figure 1). One may see that the entire set of mutual
inductances is responsible for transferring power from the source (Us, Rs) to the loads
(R10—R1g) and as a result generates redundant transmission paths, even in the case of a
failure of the Tx coil. Equation (1) can be solved numerically by using summation instead
of a double integral and dividing the angles into discrete steps:

M., — Hos> D3 N+®s N+®s 1+ n2n1<1>%\,) cos(ny®y — m®@y) — (m®n — mPy) sin(ny®y — 1 Py)
ab —
¢ 4r

, @

ny=®s ny=s \/d§ + (dy + snp®n cos np Py — s Py cos n1<I>N)2 + (dy + sn @y sinny @y — sn1 Py sin n1<I>N)2
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where @y is the discrete step, @y = (o — P;)/N; P; is the starting step, &s = ©;/Py; N
is the number of subintervals, N > 2(d./2s). With a higher number of N, the accuracy of
Equation (2) tends to be the exact solution of Equation (1).

From Equation (2), the self-inductance (L) of the coil can be determined, which can
be interpreted as the mutual inductance of the considered inductor and itself. Hence, to
identify L., substitute d, = dy = d,, = 0 and simplify the final formula as shown below:

_ posPy NEPs NEPs (1 4 11511 @F)) cos(na @y — m®@y) — Dn(np — 1) sin(np @y — 1 ®y)

4 Z

L,
Hy=®5 1y =Ds \/n% + n3 — 2nyn; cos(n @y — 1, Py)

. (©)]

For identical resonators, L needs to be calculated only once, unlike M, ;, which needs
to be identified for all pairs of coils in the system. When the self-inductance is known, the
capacitance (C,) of the compensating capacitor, at an assumed desired frequency of f;, can

be found as: ,

T amfL,

In practical situations, the compensating capacitor has its own internal resistance. To
easily model this series resistance (ESR) of C,, the equation from [38] was used:

Ce (4)

DF

Rpsg = ——
ESR = 5fC %)

where DF is the dissipation factor; f is the AC current frequency in [Hz].

Then, the coil resistance (R;) is calculated. Firstly, the length (/) of an Archimedean
spiral needs to be found. Despite the exact formulae expressing this quantity, a rough
estimate of the length was made by multiplying the average coil circumference by the
number of turns (1):

outer radius inner radius
/-;\ —_——N—
; - ?C—nt(dw—i-dl)
=21 5 ny = mng[de — ny(dy + d;)]. (6)

mean radius

An unknown resistance is given by the formula for the finite length (determined by
Equation (6)) of a straight conductor, known as:

i _ ring[de — ne(dy + d;)] (7)

R, =
U&lgff ‘Taeff

where 0 is the electrical conductivity of the conductor (wire) in [S/m]; a5 is the effective
cross-section of the conductor (wire) in [m?]. In the high-frequency electromagnetic field,
there is a skin effect; therefore, the effective cross-section was taken from [39]:

Aoff = T0,ff (dw - 5eff)r ®)
where d,p is the effective skin depth in [m]. The parameter J,4 is expressed by the equation:
(Sff = (7Tf0']/l0)71/2 [1 —exp <dw>‘| (9)
eff — — .
2rfopo)

Finally, the equivalent resistance of the resonator (Figure 3) was:

Reg = kr(Rgsr + Re), (10)
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where kg is the coefficient responsible for the undesirable increase in resistance in real
applications. Due to the appearance of contact and solder resistance, impedance of the
connecting wires, temperature rise in the presence of a positive temperature coefficient,
capacitor leakage resistance, other parasitic resistances in the system (e.g., solder pads and
printed copper paths), etc., the resulting equivalent resistance R.; > (Rgsg + Ro).

When the lumped parameters are found using Equations (2)-(5) and Equations (7) and (10)
at the desired frequency f;, then the currents in each resonator can be calculated. The
simplest system of equations to be solved is obtained from Kirchhoff’s voltage law:

B
ZI +jwy, Mgpl =U,, Vbha<Ba#b
a b=1 b
5 , (11)
ZI +jw ¥ Mypl + Ry =0, Vba>5,a#b
a b=1

where Z is the resonator impedance, Z = Ry, + jwL¢ + (ijC)’1 in [Q)]; I, is the current in
a—th resonator in [A], B is the number of all resonators. The matrix equation A-I = U, where
A is the impedance matrix, can be derived from Equation (11) for the general case with B
resonators and different loads:

jwMa,g/2 jwMig/241 JwMig/a12 e jewMy,p L Uin
Z JwMpjopsap1 jwMpsapsayn - jwMppp || Ipa | _ | Ui (12)
jwoMpsa118/2  Z+Rpsap1 jwMpyai1p/at2 o0 jwMpyai1p Ip/o 0
jwMpg/2 jwMpp/241 jwMgp/212 -+ Z+Rp Ip 0

where w is the angular frequency, w = 2nf in [rad/s]. Since, in most possible cases, B
would be less than several dozen, the unknown vector of currents (I = A~1.U) can be
calculated with no effort. Equation (12) allows for a multi-parameter analysis of the
designed system, e.g., for various coils, compensation capacitors, loads, and faults (short-
circuits, disconnections, etc.) in the WPT device. The efficiency can be estimated as

B

B
s g L Rl
_ _ n
_ out 100% = %100‘% — n=B/2+1 1000/0, (13)
Sin uinls B/2
uin Z I
n=1 n

where S, is the output apparent power (sum of real power of loads) in [VA]; 5;, is the
input apparent power (sum of power on input terminals) in [VA]; U}, is the RMS voltage
of n-th load in [V]; R, is the resistance of the n-th load in [QY]; I, is the complex current
of the n-th resonator in [A]; I; is the RMS value of the source current in [A]. One must be
aware that the resonance state can be obtained only at a specific frequency, as complex
input power (S;,) only has its real part, while in practice, the resonance point may differ
slightly for each resonator, causing reactive power to be present in the WPT circuit, but
still allowing energy to be transferred to the loads. This situation is also worth considering
using Equation (12).

2.3. Experimental Stand

The model in Section 2.2 was verified using the experimental stand. The circular
planar coils were wound and connected to capacitors. A procedure that was adopted relied
on creating B = 18 identical coils, measuring their self-inductances and matching individual
capacitors to each of them in order to obtain one desired resonant frequency f, according
to Equation (4). As energy receivers (Rp/+1 + Rp) variable resistors were used, helping to
adjust their resistance and test their influence on the WPT efficiency.
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Two surfaces were made, each with 9 resonators (Figure 4), mounted on a gripper
located on a horizontal slide to adjust the distance d, between the surfaces. During the
measurements, the Rigol DG4062 signal generator (Us = 7 V, R; = 50 )) was used as
the source, while the voltages and currents were measured by probes connected to the
Rigol DS2072 oscilloscope. The measured quantities are Uj, (the RMS value of the input
voltage), Is (the RMS value of the source current) and Up /p.1 <+ Up (the RMS value of the
load voltages). Based on these values, the powers and efficiency were calculated using
Equation (13). All parameters used during the experiments and theoretical calculations are
presented in Table 1.

Generator -

gv'ﬁ

Measuring proes 7

Figure 4. Experimental stand with transmitting and receiving coils, mounted on an adjustable holder,
connected to a signal generator and an oscilloscope.

Table 1. Parameters of the WPT system.

Number of turns ny 30
Wire diameter dy 200 um
Insulation thickness d; 5 um
Coil diameter dc 20 mm
Separation between coils ds 25 mm
Distances between d 5mm
. . 4
transmitters and receivers 10 mm
Design frequency fe 500 kHz
Electrical conductivity o 5.6 x 107 S/m
Dissipation factor DF 0.05
Resistance increase coefficient kr 1.25

The circuit model from Equation (12) was solved for the above-mentioned parame-
ters in the Matlab R2022b software and compared with the experimental results. Mutual
inductances (M, ;) were also determined by the numerical calculation of Equation (2) and
inductance of coils using Equation (3) for N = 1000 subintervals. The numerical considera-
tions required one self-inductance (L;), but in the general case B(B — 1)/2 = 153, mutual
inductances had to be identified. However, due to the internal and external symmetry of
the transmitting and receiving surfaces, only 11 mutual inductances were estimated, which
greatly reduced the calculation time.
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3. Results and Discussion
3.1. Analyzed Cases

The experimental and analytical results are compared and presented in Section 3.3
(power transfer efficiency) and Section 3.4 (transferred power), at the distances d, = 5 mm
and d; = 10 mm. The influence of the load resistance on the power and efficiency of the WPT
system was tested at the design frequency and the results are presented in Section 3.3.1.
Variable resistors connected to each receiving coil were used as energy receivers, which
allowed us to adjust the load resistance and study their influence on the efficiency of the
WPT system. The influence of the frequency of the source voltage, over a frequency range
of 100 kHz to 1000 kHz with a load resistance of R = 50 () connected to each receiving
coil, on the parameters of the WPT system was also tested, and the results are presented in
Section 3.3.2. The results from the experimental stand are presented as solid green lines
(marked as Measurements in the legend). The results from the circuit model are shown as
solid red lines (marked as Calculations in the legend). Finally, the output power is discussed
in Section 3.4, where the variability and maximum achievable powers are presented.

3.2. Measured Parameters

Table 2 presents the measured parameters of the coils and capacitors used in the
experiment (L, R, and C;). The capacitances were matched to each coil individually to
obtain a resonant frequency of f. = 500 kHz. Since each coil had a different self-inductance,
the capacitors also varied. Even so, the relative standard deviation was less than 10%, with
8.16% for inductance, 2.34% for resistance, and 8.25% for capacitance.

Table 2. Measured lumped parameters of coils and compensation capacitors.

L. R, Cc

No. (uH) (mQ) (nF)
1 16.12 862 6.29
2 14.55 855 6.96
3 14.72 912 6.88
4 13.11 850 7.73
5 15.60 871 6.49
6 13.25 854 7.65
7 17.11 864 5.92
8 14.58 863 6.95
9 13.80 831 7.34
10 14.78 839 6.86
11 15.16 860 6.68
12 14.40 858 7.04
13 15.76 875 6.43
14 15.45 869 6.56
15 14.98 909 6.76
16 16.60 879 6.10
17 16.82 872 6.02
18 13.06 858 7.76
Average 14.99 866 6.80

It was important to properly tune the capacitors, because, taking into account
Equation (4) and only the average values of the measured quantities (Table 2), we ob-
tained a resonant frequency of 498.43 kHz, which is lower than the desired f.. Meanwhile,
the lumped parameters calculated for the simulation, using the Matlab software, were
L. =13.84 uH, R, = 753 m(), C,; = 7.32 nF, perfectly produced f, = 500 kHz. In real life
applications, tuning and/or extremely precise coil fabrication will be required. Further-
more, the relative difference between the measured (average value) and the calculated
inductance was —7.67%; for the resistance, the relative difference was —13.05%; and for
the capacitance, the relative difference was 7.65%. The higher values of the measured
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inductance and resistance resulted from the fact that the coils used in the experiment were
slightly longer, which were, not ideally, tightly wound and with extra elongations (“pins”)
so that they could be connected to the printed circuit board.

Therefore, existing mismatches and the structure of the simulation model will result
in possible limitations or divergences between the measurements and calculations. The
equivalent circuit with the presented formulas for inductance and resistance will not be
able to model the ferrite material often used in experimental research and applications. The
presence of parasitic conductors (copper pads, casing, metal joining, etc.) clearly affects the
WPT, while in the circuit model, these negative effects can only be partially addressed by
the kg factor. As a result, the lumped parameters, resonant frequency, efficiency, and power
may differ from the measured ones by up to several percent (as was the case regarding the
capacitance and resistance mentioned above).

3.3. Power Transfer Efficiency
3.3.1. The Influence of the Load Resistance
The influence of the load resistance on the efficiency of the WPT system at the resonant

frequency was analysed. This part compares the results of the calculations and measurements
of the WPT system at the distances of 4, = 5 mm (Figure 5a) and d, = 10 mm (Figure 5b).

1 (%) L 1 (%)
40 15 -
—— Measurements Measurements
30 ——Calculations ——Calculations
10 -
20
5 _
10
0 - T T T T T T T T T T 0 T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 0 10 20 30 40 50 60 70
Load resistance R () Load resistance R (Q)
(a) (b)

Figure 5. Power transfer efficiency for various loads at the distances: (a) 4, =5 mm and (b) 4, = 10 mm.

On the experimental stand, it was additionally measured that the resonant frequency
was at a frequency of 576 kHz at the distance d, = 5 mm, and at a frequency of 550 kHz at
the distance d, = 10 mm, while the designed resonant frequency was 500 kHz. In both cases
analysed, the shape of the characteristics obtained from measurements and calculations
was maintained. The power transfer efficiency of the WPT system increased as the load
resistance increased, and then began to decrease after reaching the maximum value. At
the distance d, = 5 mm, the maximum efficiency value obtained by the measurements was
33.65% with a load resistance of 12.5 (), while the maximum efficiency value obtained by the
calculations was 40.47% with a load resistance of 10 () (Figure 5a). The greatest difference
in the WPT system efficiency results obtained by the measurements and calculations (about
15%) occurs at low load resistance values and decreases with increasing load resistance (it
does not exceed 3%). At the distance d, = 10 mm, the maximum efficiency value obtained by
the measurements was 12.73% with a load resistance of 7 (), while the maximum efficiency
value obtained by the calculations was 13.36% with a load resistance of 8 Q) (Figure 5b).
The maximum efficiency of the WPT system was thus reduced by about three times. The
greatest difference in the WPT system efficiency results obtained from measurements and
calculations (about 4%) occurs at low load resistance values, while the smallest difference
(less than 0.5%) occurs at the load resistance for which maximum efficiency was obtained.



Energies 2023, 16, 4597

11 of 17

40

30

20

10

3.3.2. The Influence of the Frequency at the Constant Load

The influence of the frequency of the source voltage over a frequency range of 100 kHz
to 1000 kHz with a load resistance of 50 (2, on the efficiency of the WPT system, was
analysed. This part compares the results of calculations and measurements of the WPT
system, at the distances d, = 5 mm (Figure 6a) and d, = 10 mm (Figure 6b).

AN (%) AN (%)
] 15 A
Measurements Measurements
1 —— Calculations —— Calculations
10 A
5
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100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
Frequency f (kHz) Frequency f (kHz)
(a) (b)

Figure 6. Power transfer efficiency for different frequencies at the distances: (a) d; = 5 mm and
(b) d; = 10 mm.

In both cases analysed, the shape of the characteristics obtained from the measure-
ments and calculations was maintained. At the distance d; = 5 mm, the maximum efficiency
value obtained from the measurements and calculations was similar and amounted to
about 35% (Figure 6a) for measurements at the frequency of 500 kHz, but for calculations
at the frequency of 550 kHz. The greatest difference in efficiency results for the WPT
system was over the frequency range of 400 kHz-600 kHz. At the distance d, = 10 mm, the
maximum efficiency value obtained from the measurements and calculations was identical
and amounted to about 11% (Figure 6b) for measurements at the frequency of 500 kHz, but
for calculations at the frequency of 550 kHz. The greatest difference in efficiency results for
the WPT system was over the frequency range of 400 kHz-600 kHz.

3.4. Transferred Power

The power transferred to the loads was in fact an active power, due to the resistive
nature of the energy receivers, and it varied depending on the load resistance and fre-
quency. Furthermore, the multi-coil and resulting multi-coupling nature of the WPT system
complicated the theoretical analysis, where analytically finding the optimal load resistance
(maximizing the output power) became much more difficult. In order to determine the
variation of the output power (Syy;) with the load and frequency, the maximum achievable
value of S, and the adjustment of the load resistance, the characteristics (Figures 7 and 8)
from the measurements and calculations are presented in this section.

The dependence of the total load power on the load resistance (Figure 7) had almost
the same shape as the power transfer efficiency (Figure 5). On the other hand, the peak
value of the transmitted power, i.e., max(Syyt) at d, = 5 mm, was different for both the exper-
imental and the circuit model, with Ropt,mess. = 10.06 Q2 and Ropt cale. = 12.49 ), respectively
(relative difference 24.16%). Meanwhile, the max(S,,;) at d, = 10 mm was achieved for
Roptmeas. = 8.01 Q2 and Roptcate. = 7 Q) (relative difference: —12.61%). It is clear that the
distance between the Tx and Rx coils affects the value of the matching resistance—the
greater the distance, the lower the load resistance. Despite the indicated differences, the-
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oretical calculations accurately predicted this relationship; hence, they can be helpful in
determining the power and optimal load resistance at the stage of system analysis/design.
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Figure 7. Relative load power for various loads at the distances: (a) d, =5 mm and (b) d, = 10 mm.

Since the wireless power supply operates most efficiently at its resonant frequency,
the characteristics (Figure 8) can show the true resonance point (f.’) at the highest achieved
power, Sout/max(Sout) = 1, in this case for a constant load resistance of R = 50 (). With no
doubt, the resonant frequency found by the measurements (.’ = 500 kHz) is noticeably
lower than found by the calculations (f,” = 550 kHz). Interestingly, the values of these
frequencies were not affected by the distance d,. The resonant frequency shift in the circuit
model is due to the mutual coupling between an arbitrary coil and the other coils (excluding
the coil directly in front where the main energy transfer occurred). The simplest explanation
is to overestimate the mutual inductances in the model using Equation (2), comparing them
to the much lower values produced in reality. Nevertheless, the measured and calculated
output power showed the same dependence on the frequency and “width” of the peaks and
their changes—in Figure 8a, the bandwidths were BWe4s. = 78 kHz and BW,;.. = 54 kHz,
while in Figure 8b, the bandwidths were BW,;,ps5. = 67 kHz and BW ;.. = 36 kHz. The output
power varies more dynamically than the power transfer efficiency (Figure 6), which should
be kept in mind when considering multi-load and multi-band WPT.

“ Sout / max(sout)
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Measurements Measurements

0.8 4
Calculations
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0.6

0.4 -

0.2 H
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Frequency f (kHz)
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Frequency f (kHz)
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Figure 8. Relative load power for different frequencies at the distances: (a) 4, = 5 mm and (b) 4, = 10 mm.
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Finally, the maximum output powers are discussed. In Table 3, the max(So,;) values
are presented; however, they have been recalculated for a more practical voltage supply,
e.g., Uy, =9V, where U, is construed as the voltage at the input ports of the transmitting
coils (Figures 2 and 3).

Table 3. Maximum achievable load power values, max(Syyt), recalculated for U;,, =9 V.

Varying Parameter d;=5mm d;=10mm  Change
Load resistance, with a measured resonance at 500 kHz 28.05 VA 12.11 VA —56.83%
Frequency, with a theoretical resonance at 550 kHz 42.31 VA 18.46 VA —56.37%

Under these conditions, the power ranged from a dozen to several dozen volt-amperes,
which would be sufficient to power small electronic devices, even with fast charging. The
highest maximum powers were obtained for the calculated resonant point (f," = 550 kHz)
with a load of R = 50 ), theoretically reaching 42.31 VA and 18.46 VA at d, = 5 mm and
d, = 10 mm, respectively. The output power was reduced by approximately 56% after
doubling the distance. However, for the designed resonant frequency (f; = 500 kHz), the
powers for R = 50 (2 were equal to 18 VA and 4.98 VA, i.e., they were several times lower.
Hence, it is crucial to analyse the system using a model or prototype to first find the
actual resonance point and then determine the optimal resistance there. On the other hand,
keeping to only the designed frequency and based on Figure 7, it can be concluded that
the optimal resistances are R = 12.49 () and R = 8.01 (), which, at f; = 500 kHz, provide the
maximum achievable powers of 28.05 VA and 12.11 VA (Table 3).

3.5. The Effect of Distance on the System Performance

The variability of the distance (d;) between the transmitter and the receiver and its
influence on the efficiency and load power were also studied. Because the UAV may
land imperfectly on the landing pad, its deformation or undesirable objects on the surface
(e.g., dirt or dust) causing “vertical misalignment”, the actual distance (d,) may increase.
On the other hand, due to the appearance of a casing of Tx and Rx arrays, d, cannot be
less than a certain minimum value. For example, fabricated coils had a carcass thickness of
2 mm; hence, the minimum distance was min(d,) = 4 mm. This lower limit is marked on the
figures with a grey dashed line at d,/d. = 0.2. The analysis was carried out for six oads (5,
10, 12.5, 25, 50, and 100 Q2) and two operating frequencies: 500 kHz (the design frequency)
and 550 kHz (the resonance point).

The outcome was as expected: efficiency decreased with increasing distance, but
for d,/d; > 0.5, there was a sharp decrease in all cases, where, at d,/d. = 1, the values
approached zero (Figure 9). For d, > min(d,), the highest efficiencies were found for the
previously identified optimal resistances, i.e., 10 and 12.5 Q). Interestingly, near d,/d, = 0.2,
and then for d,/d. > 0.3, the efficiency for R = 5 () was higher than for R > 25 (). However,
below min(d;), higher resistances (R > 25 )) gave higher efficiency. Furthermore, for
f =550 kHz, the all-present increase in power transfer efficiency (1) was noticed (Figure 9b).
To conclude, in a real application, it would be better to use an operating frequency as close
as possible to the real resonance point, and relatively small load resistances to maximize
the 7. In the fabricated system, the load can even vary from a few to several ohms, and still,
at any practically useful distance, a similar efficiency will be achieved.



Energies 2023, 16, 4597

14 of 17

80

70
60
50
40
30
20
10

0

35

30

25

20

15

10

5

0

A n (%) Mini di 50 \ n (%) Mini dis . 50
r Inimum distance —_— 80 1 r Inimum distance —_—

; 1 —10Q) 70 - I —10Q
| |

- I —125Q 60 - —125Q
| ——

- —25Q 50 4

. —50Q 40 - :

- 100 Q 30 - I 100 Q
| |

. | 20 o I
| |

1 | 10 1 |

T II T T T T [ T (B 0 T II

00 01 02 03 04 05 06 07 08 09 1.0

d,/d,
(a)

00 01 02 03 04 05 06 07 08 09 1.0

d,/d,
(b)

Figure 9. Power transfer efficiency at different distances and loads at operating frequencies:

(a) f =500 kHz and (b) f = 550 kHz.

“ Sout (VA)

T Minimum distance —50Q
—10Q
—125Q
—250
—50Q

100 Q

“ Saut(VA)

] T Minimum distance —5Q 50
i I —10Q 45 1
/ 40 .

—125Q

4 35 .
| —250 30 A
: —500Q 25 -+
| I 1000 | 29
i I 15 -
I i

| : 10
I 5 A

T ! T T T T T 1 0

00 01 02 03 04 05 06 07 08 09 1.0

d./d,
(a)

|
|
|
Iu T

00 01 02 03 04 05 06 07 0.8 09 1.0

d,/d,
(b)

Figure 10. Load power at different distances and loads at operating frequencies: (a) f = 500 kHz and

(b) f = 550 kHz.

The load power also varied with distance; at that time, the function was not monotone
(Figure 10). Maximum values were found at certain specified d,/d.; however, for R > 50 (),
the peaks appeared below min(d,). For d,/d. > 0.3, only smaller loads were able to provide
more power. If both the efficiency and output power must be maximized, the load must
be noticeably lower than 50 (). This opens the possibility of using the proposed solution
for effective fast charging; since resistance is a scale factor between voltage and current, a
low-resistance energy receiver means a load powered by a higher current (crucial in fast

charging systems).

In Table 4, the highest identified efficiencies are presented with the corresponding
parameters. Once again, the previous conclusions can be seen, in which the highest
efficiency was obtained using low-resistance loads, and their powers were comparable
(27.59 = 34.39 VA), being sufficient to power a group of low-power electronic devices. The
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only problematic case was f = 500 kHz and d,/d; = 0.5 (d, = 10 mm), because the overall
efficiency was unacceptable (max = 13.08%, Sour = 11.67 VA).

Table 4. Maximum efficiency (1max) at specified distances and parameters at which they were
obtained (for U;, =9 V).

f (kHz) d./d. d (mm) R (Q) fmax (%) Sout (VA)
0.20 4 125 49.43 28.99
500 0.25 5 10 40.47 27.91
0.50 10 10 13.08 11.67
0.20 4 125 58.69 28.83
550 0.25 5 125 51.94 34.39
0.50 10 5 26.13 27.59

The last comparison can be made based on Table 5, where the efficiency of the system
at three distances is presented. Let us choose the load resistances that provide the best
balance between efficiency and load power. At the shortest distance (d,/d. = 0.2), the best
balance was for R = 12.5 () (500 kHz), where 1 was the highest value and S,,; was the
second highest value, or for R = 25 () (550 kHz), where 7 was the third highest and S
was again the second highest result. As distance increased (d,/d. = 0.25), the resistances
decreased: the best cases were R = 10 (3 (500 kHz) and R = 12.5 () (550 kHz), having the
highest 77 and the second- (or third-) highest S,,;. Finally, at d,/d. = 0.5, only R =10 Q)
maximized the efficiency and provided nearly the highest output power. Hence, when the
load is characterized by a relatively low equivalent resistance, the system can achieve both
one of the highest possible efficiencies and one of the highest possible output powers.

Table 5. Comparison of the efficiency and output power for different loads, distances, and frequencies.

500 kHz 550 kHz
d./d, d, (mm) R (Q)
17 (%) Sout (VA) 71 (%) Sout (VA)

5 41.62 20.13 49.16 14.86

10 49.43 27.49 57.72 25.01

125 49.43 28.99 58.69 28.83

0.2 4 25 4207 29.02 55.47 40.03
50 29.60 23.08 44,58 44.94

100 18.48 15.49 30.79 39.84

5 36.47 23.59 45.62 19.70

10 40.47 27.91 51.83 30.79

125 39.57 28.05 51.94 34.39

0.25 5 25 31.72 24,54 46.36 4247
50 21.45 17.96 34.83 02231

100 13.02 1121 22,59 32.66

5 1271 1176 26.13 27.59

10 13.08 11.67 25.17 31.49

125 12.43 11.03 23.72 31.24

0.5 10 25 9.08 7.99 17.34 26.14
50 5.57 498 10.86 18.46

100 3.10 275 6.15 10.74

4. Conclusions

This paper focuses on the analysis of the application of a wireless power transfer
system with multiple resonators. The concept of the proposed system is discussed, and
a theoretical analysis was carried out. The calculations were verified using experiments
carried out with different frequencies, two possible distances between the transmitters and
receivers, and the equivalent loads. Efficiency and load power at two distances between
coils are compared and discussed.



Energies 2023, 16, 4597 16 of 17

In the cases analysed, the shape of the characteristics obtained using measurements
and calculations was maintained. The maximum power transfer efficiency obtained using
the measurements was almost seven percent lower than that obtained using the calculations.
By doubling the distance between the coils, the efficiency of the WPT system decreased by
three times. The distance between the transmitting and receiving coils affected the value of
the matching resistance, i.e., the greater the distance, the lower the load resistance. Despite
the indicated differences, theoretical calculations appropriately predicted this dependency;
hence, they can be helpful in identifying the powers and optimum load resistance at the
stage of system analysis. The highest maximum powers were found for the calculated
resonance point, so it is crucial to analyse the system using a model or a prototype to
firstly find the actual resonance point and then identify the optimal resistance there. Such a
solution could provide power supply to ultra-low-power devices, but the efficiency still
needs to be improved.

The authors plan to focus further research on the analysis of other coil shapes (e.g., pen-
tagonal and hexagonal). The authors are also considering the possibility of using metama-
terials in the proposed WPT systems to increase the efficiency of the system.
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