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Abstract: This article proposes a model of an air transformer taking into account the
influence of the use of ferrite plates on properties of such a transformer. This model has
the form of a subcircuit dedicated for the SPICE software. It takes into account the influence
of such parameters as the number of turns of both windings, the distance between them,
the parasitic capacitances of the windings and the sizes of the ferrite plates used on the
voltage ratio and frequency characteristics of the air transformer. The form of the developed
model is described and some results illustrating the practical usefulness of this model are
shown. The obtained results of calculations performed with the use of the proposed model
are compared with the corresponding measurement results.
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1. Introduction

Transformers can be found in almost every power electronic system [1]. Typically, they contain
a ferromagnetic core, on which the windings are wound [2, 3]. Most often, they are used to ensure
galvanic separation between electrical circuits and when it is necessary to adjust the power supply
parameters to the receiver parameters [2]. Transformers are also used in systems for wireless power
transfer (WPT) [4-6], but in this case they typically do not contain a ferromagnetic core, on which
the windings are wound [7, §].

Transformers used in WPT systems contain transmitting and receiving coils. The lack of
a core in such transformers means that they are characterized by lower energy efficiency compared
with a traditional transformer with a core as a result of weaker magnetic coupling between the
mentioned coils.
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Wireless power supply systems are becoming more and more popular thanks to the ability
to transfer more and more energy between transformer coils. According to the literature [9-11],
the IPT (Inductive Power Transfer) technology is the most efficient in power transfer between
transformer coils. Compared with other technologies, the efficiency of power transfer using the
mentioned technology reaches up to 90% [9—11]. Additionally, in the papers [12—18] it was shown
that the WPT system properties in the IPT technology, including the efficiency of power transfer,
are influenced by many factors such as: the mutual position of the transmitting and receiving coils,
the shape of these coils and the type of the winding used.

In paper [16] it was shown that changing the vertical distance between the transformer coils
from 15 mm to 160 mm causes a threefold reduction in the coupling coefficient value. In turn,
a change in the horizontal distance between the coils by approximately 200 mm causes a decrease
in the considered coefficient value by 60%.

WPT systems designed in accordance with the Qi standard are dedicated to charge batteries
with a power of up to 15 W at a distance of up to 4-5 cm [19,20]. The use of ferrite plates allows
increasing the coupling coefficient between the coils of the air transformer. However, typically
the ferrite plates used in the Qi standard are small in size. Nevertheless, the offer of the leading
producers of ferrite plates, e.g. KEMET [21,22], includes ferrite plates of much larger sizes.
They are designed to operate at higher powers than typical Qi devices and are used, e.g. in the
automotive and manufacturing industries.

The offer of ferromagnetic core producers includes ferrite cores dedicated to WPT systems in
the form of rectangular, square or round ferrite plates of various sizes [23,24]. The purpose of the
use of these plates is to increase the efficiency of power transfer by increasing a magnetic coupling
coefficient between the windings.

According to the literature, the use of ferromagnetic cores in the construction of transformers
used in WPT systems affects their properties. For example, in [25] the influence of voltage
frequency and the type of the material used to build the ferromagnetic core on the efficiency of
WPT was analyzed. The tests were done for systems containing 4 different ferromagnetic cores,
i.e. Ni-Zn, Sendust, Irondust, ferrite. In the cited paper it was noted that the highest efficiency was
achieved by using the ferrite material.

In turn, in [26] a new construction of the ferrite core was proposed in the form of radial
geometry (in the form of ferrite pillars spaced from each other forming a ring). The influence of
the proposed geometry on properties of the air transformer and the WPT system was analyzed.

The cited papers indicate that the issue related to the use and selection of an appropriate ferrite
core is important from the point of view of ensuring the most effective WPT. It is also desirable to
formulate models that take into account various circuit parameters, including ferrite plates, and
the influence of their parameters on properties of WPT systems, especially high-power ones.

There are many models of air transformers available in the literature, e.g. [27-30], but they are
usually T-type models or their modifications and are characterized by certain limitations. It is important
to notice that the T model is not a standalone model, but rather a form of representation used for analyzing
electrical networks. In most WPT applications, tuned circuits with capacitive matching networks are
utilized. These capacitors in the matching network are physical and integral to the circuit [31].

For example, in [32] the properties of a resonant WPT system with an air transformer were
analyzed. In order to perform the above-mentioned analysis, a transformer was designed with
windings made of a Litz wire. Additionally, to minimize the leakage flux in the transformer,
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aluminum plates were used on the windings’ external surfaces. The model of the transformer itself
was formulated in the Ansys Maxwell program. The obtained simulation results were verified
by analytical calculations. Using the analysis results, it was found that the WPT transformer
transmits power with an efficiency of approximately 95%. This model can be effectively used in
WPT applications. However, the cited article only compared the results of computer calculations
with the results of analytical calculations, and no experimental tests were carried out to confirm
the validity of the model. The problem of the transformer model reduction using the time and
frequency domain sensitivity techniques is described in the paper [33].

In turn, in [34] the efficiency of power transfer of an air transformer operating in the
IPT technology was analyzed. The classic T model was used to analyze the properties of the
considered transformer. Additionally, an analysis of the properties of the considered element
was performed using a modification of the T-type transformer model. The modified model
included 4 compensating capacitors (2 on the primary side and 2 on the secondary side). The
conducted research shows that the highest power transfer efficiency was achieved using the
modified T model. However, it was indicated that the equations fitting the transformer’s output
parameters, such as the output power in this circuit configuration for both the coils, are very
complex. However, the research did not take into account the influence of the frequency of the
excitation voltage, the distance between the transformer coils and the use of ferrite plates on the
properties of the considered component.

The method of modeling an air transformer used in medium voltage DC-DC converter systems
is described in [35]. The analyses were carried out for two types of transformers, i.e. with concentric
cylindrical coils and flat spiral coils made of solids. Both transformers also included a shielding
layer to limit the leakage flux. The analyses were performed using the T model and the finite
element method, taking into account eddy currents, skin effect, proximity effect and the impact
of harmonics on thermal properties of the considered transformers. The results of the tests were
compared with the measurement results and it was shown that both the transformer designs are
characterized by similar properties.

In turn, in [36] a method of modeling an efficient wireless power supply system used in
implantology was presented. To analyze the properties of the air transformer included in the
considered system, a model was used, the circuit representation of which consists of 2 resonators
constituting a combination of a series capacitor, resistor and inductor. The first one corresponds
to the transmitting coil and the other to the receiving coil. For such a model, a transfer function
combining voltage and magnetic field flux was defined. In [37] a method of modeling an air
transformer and a WPT system containing such a transformer was presented. However, the research
did not take into account the influence of ferrite plates on the properties of this transformer.

In [38], a compact model of a transformer dedicated to the SPICE software was proposed.
This model takes into account the influence of many factors such as frequency, load resistance
and temperature on properties of the considered component. However, this model was not
elaborated and considered for a transformer without a core. The research presented in this
paper concerns planar transformers and transformers containing ferromagnetic toroidal cores
made of different materials.

In the paper [39] the low- and mid-frequency model of the transformer with resistive load
is analysed. Different values of coupling coeflicients are considered. The considered model is
based on the classical structure and it contains only inductors and resistors, whereas parasitic
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capacitances of the windings are neglected. It is shown that in the low- and mid-frequency range,
the turns ratio between the windings is a strong function of the coupling coefficient. The theoretical
considerations are verified experimentally for a transformer with ferromagnetic core.

In the paper [40] a problem of frequency optimization for a WPT system based on AC resistance
evaluation in Litz-wire coil is considered. In the described investigations FEM is used. Analytical
formulas describing AC resistance of the winding resistance was formulated.

Paper [41] presents an approximate model for multi-strand wire winding, including Litz-wire
winding. The proposed model takes into account the existence of the skin effect and the proximity
effect within the Litz-wire bundle between the strands and between the bundles. An influence of
frequency on the module and phase of the winding impedance are shown and discussed.

Paper [42] presents a design procedure of high-frequency loosely inductive coupled wireless
power transfer (LIC-WPT) system based on class- E? dc-dc converter, taking into account the
power loss reduction of inverter, coupling part, and rectifier simultaneously. The design procedure
proposed in the cited paper makes it possible to reduce power loss in the used air-transformer
coupling transmitter and receiver part of the WPT system.

Paper [43] proposes geometrical method to obtain an analytical formula describing the self-
capacitance of the winding of a single-layer coupled toroidal inductors. This formula takes into
account dimensions of the wire, number of turns and the distance between turns. The correctness
of the proposed method was verified for a coupled inductor with toroidal ferrite core.

Paper [44] contains an analysis of ac-to-dc winding resistance ratio of Litz-wire. The model
proposed in the cited paper takes into account proximity effect within the bundle and between
bundle layers as well as the skin effect. It was shown that these effects are important at a frequency
higher than 1 MHz.

Performing simple experimental tests allows you to improve the model and extrapolate the
results to an extent that is impossible to perform in the laboratory conditions. This may allow us to
propose new solutions and analyze physical phenomena that could not be predicted earlier. So far,
the literature lacks models of air transformers that are valid both for those components containing
ferrite plates and those operating without them. Such models are needed for the effective analysis
and design of systems for wireless power transfer.

The aim of this article is to develop a new model of an air transformer containing rectangular
ferrite plates and to experimentally verify it for an air transformer operating with and without
ferrite plates. Using this model, the influence of the use of ferrite plates on properties of the air
transformer was examined. The performed investigations contain both small-signal properties in
a wide range of frequency and large-signal properties for different load resistance and frequency
values, as well as different distances between the coils of the transformer. In the experimental part
of the investigations as the case study one construction of the transformer coils are considered and
only sinusoidal waveform of the transformer input voltage are considered. The tested transformer
does not operate in any WPT system.

Section 2 describes the proposed model of an air transformer. The tested transformer and
measurement set-up are presented in Section 3. Section 4 contains the obtained calculation and
measurement results.
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2. Model form

The elaborated model of an air-transformer has the form of a dedicated for the SPICE software.
This model is based on the transformer models described in the literature, e.g. [39] and it
additionally takes into account such physical phenomena as:

a) parasitic windings’ capacitances,

b) mutual capacitance between windings,

¢) a distance between coils,

d) properties of the ferrite material used to construct the boards,

e) numbers and thickness of these boards.

The proposed model belongs to the group of compact models. For such models all the properties
of the modeled device are described with the electrical network making it possible to compute
values or waveforms of current and voltages of each winding taking into account all the mentioned
above physical phenomena. It also considers both magnetic and electrical couplings between the
windings.

The presented model is dedicated for the analyses of WPT systems operating at a frequency
below 1 MHz. Therefore, its form should be as simple as possible. At formulation of this model
following assumptions were made:

a) the skin effect is omitted,

b) the proximity effect is omitted,

¢) dimensions of coils are much smaller then wavelength of magnetic force,

d) only electrical quantities of the transformer are computed.

The network representation the proposed model is given in Fig. 1.

Fig. 1. Network representation of the elaborated model of an air-transformer

The presented model contains two coupled coils Lg; and Lg; representing the inductance of
the transmitting and receiving coils, respectively. These coils are magnetically coupled with each
other, and this coupling is characterized by the coupling coefficient k, and capacitively — through
the capacitor C,,. Capacitors Cp; and Cp, represent the parasitic capacitances of each winding.
The resistance of the windings is represented by resistors Rs; and Rg», respectively. Inductors Lg;
and Lg, describe the leakage inductance of individual windings.

This model takes into account following phenomena: the magnetic coupling between the
windings, the parasitic inductances and resistances of the windings. The values of these parameters
depend on the distance between the windings and the used ferrite plates. The value of parameter k
characterizing the magnetic coupling between both the windings also depends on the distance
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d between these windings. An influence of the magnetic force on parameter k is neglected.
Therefore, this model is dedicated only for the operating points lying on the linear part of the
magnetization characteristic of the used ferrite plate. Practically, the flux density should be lower
than one half of saturation flux density. This means that the values of the components occurring in
Fig. 1 are constant and they do not depend on voltages and currents of the transformer windings.
The equations describing the proposed model contain two groups. The first of them (given by
Egs. (1)-(9) contains network equations describes the network visible in Fig. 1. The other group
of equations describe an influence of selected factors on coils inductance, capacitors capacitance
and coupling coefficient. These equations are given by Formulas (10)—(13).
The network equations have the form as follows:

dr
Vi =Ir-Rsi+ Lei -+ Vi, 1)
dl
Vi=Lg - —, 2
1 S1° g ()
dv;
1, =Cp; - —, 3
CcP1 Pl (3
d\Vy -V,
Icm =Cp - % )
It = Icp1 + Icm + 11, )
d/,
Vi = Ig - Rs2 + Ly - d—f +V, 6)
dir»
Vs = Ly - —22, 7
2=Ls2-— @)
1%
Icpy = Cpy - —, 8
cp2 P2 (8)
Ir =Icpy —Icm + I1o. 9

All the symbols used in Egs. (1)—-(9) are marked in Fig. 1.

In the further part of this section some information about the components of the presented
model will give. Egs. (10)—(13) are formulated on the basis of the performed measurements and
selection of mathematical functions describing the obtained experimental dependence.

The values of the series resistance of the windings do not depend on the distance between the
windings or on the presence of ferrite plates. In turn, the inductances of Lg; and Lg, windings
depend on the presence of ferrite plates, which increase the value of these inductances by a set
value the dimensions of the coil and the numbers of turns [45]. These inductances are described
by the following formula:

Lsi = Lsio+ALsi =a- puo - pr - D - 22, (10)

where: Lg;o is the inductance of Lg; coil without a ferrite plate, ALg; is an increase in this
inductance caused by the use of such a plate, 1 is the magnetic permeability of free air, y, is the
relative permeability of the used plate, D is the average diameter of the turn, z is the number of
turns, whereas a is the model parameter. If the coil operates without any ferrite plate u, is equal
to 1. For the coil with ferrite plate u, is higher than 1.
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The parasitic capacitances of the windings change when using ferrite plates according to the
formula
Cpi = Cpio+ACp; =b-7-D,, -dy, - &, (11)

where: Cp;o means the parasitic capacitance of Lg; coil without a ferrite plate, ACp; is an increase
in this capacity caused by the use of such a plate and b is the model parameter. Both the components
of the right side of Eq. (11) are proportional to the number of turns, diameter of the used wire D,,
and the distance d,, between adjacent turns. When the ferrite plate is used dielectric permeability
€ increases, therefore ACp; has positive value.

Leakage inductances Lg; decrease by the value ALg; when using ferrite plates. Coupling
capacitance C,,, changes when ferrite plates are used and also depends on the distance d between
the windings of both the coils according to the formula

Cn = mO_ACm_di'CmO’ (12)

0

where: G is the coupling capacitance with the distance between windings d = 0 and the absence

of a ferrite plate, AC,, is an increase in this capacitance caused by the use of such a plate, and dj is

a model parameter. The values of capacitances C;,,o and AC,,, are proportional to the area of the coils.
The coupling coefficient k is described by the following empirical formula:

k = ko + Ak

Akl RLO d
—/q'(1_7'R_L)'(l_exP(k2-<1+Ak1>-(1+ak-(1+Ak1>-(f—f0)>))’ o

where: kg is the coupling coefficient of coils in direct contact and not mounted on a ferrite plate,
Ak is an increase in the coupling coefficient caused by the use of ferrite plates, f is the frequency,
Ry is the load resistance, whereas k1, k2, ax, Rro and fj are the model parameters. Formula (13)
is inspired by the dependence proposed in [46].

The model described in this section was implemented in the SPICE software as a subcircuit.
This model contains inductors, capacitors and resistors connected according to the diagram shown
in Fig. 1. The values of these components depend on the numbers of turns of each coil, the
distance between them, the dimensions of the coils and the diameter of the used wire. Of course,
the values coefficients describing such relationships are different for the transformer operating
with a ferrite plate and without such a plate. The parameters of the components occurring in
Fig. 1 are given by Eqgs. (10)—(13). An influence of the non-linearity of the magnetization curve of
the used ferrite plate on the characteristics of the modeled device is neglected. Of course, such
simplification limits the range of the usefulness of the presented model. It is dedicated to use for
transformer operating without any ferrite plates and for such transformer operating at constant
value of magnetic permeability.

The estimation of the model parameters values is indispensable for the practical use of the
model. The inductance of each winding can be measured using an RLC bridge for a low value of
frequency (about some kilohertz) separately for a winding without any ferrite plate and with this
plate. Next, the dependence of the impedance module of each winding on frequency should be
measured in order to find the resonance frequency. Using the value of this frequency the parasitic
capacitance of each winding can be calculated.
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In order to calculate the values of parameters describing the coupling coefficient k, the
dependence of the module of the transformer input impedance on frequency should be measured.
Such a dependence should be obtained for the transformer operating without any ferrite plate and
they with these plates. Particular dependences should be measured for different values of load
resistance and different values of the distance between the windings.

The properties of selected models of an air transformer are compared in Table 1.

Table 1. Comparison of properties of selected models

. Described
Form of Experimental Ferrite measure
Reference the Output data e . . plates
verification |, ment
model included
method
Self-inductance, voltage
[47] FEM wavef(.)rm, outp}lt ;.)ow?r, yes o yes
magnetic force distribution,
current density distribution
[12] FEM Voltage waveform yes no no
Distribution of magnetic flux Temperature
[48] FEM density, temperature g nly no no

distribution

Transmitter and receiver
[37] Compact current and voltage yes no yes
waveform, temperature

Power transfer efficiency,
[49] Compact transmitter and receiver yes no no
voltage waveforms

Transmitter and receiver
voltage and current
waveforms, module and
phase of input impedance

This article | Compact yes yes yes

As it is visible, the models described in [12,47,48] are dedicated for the FEM, whereas models
described in [37,49] and in this article belong to the group of compact models. The models
dedicated for the FEM make it possible to obtain both the waveforms of voltages and current
as well as voltage, temperature and magnetic force distributions. The compact models make it
possible to obtain only the waveforms of current and voltages or temperature. Only the model
proposed in this article takes into account an influence of ferrite plates.



www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Vol. 73 (2024) Modeling of air transformers integrating ferrite plates for improved performance 857

3. Tested transformer and experimental set-up

In order to verify the model described in the previous section an air transformer was constructed
and tested. This transformer contains two spiral windings made of a Litz wire of the diameter
equal to I mm. Each winding contains 28 turns. These windings have the diameter equal to 75 mm.
They are mounted on the ferrite plates in the manner shown in Fig. 2.

The FPL 100/100/4-BH1T ferrite plates used have the dimensions of 100 mm X 100 mm X 4 mm
and are made of the BHIT material [50]. The most important parameters of this material have
the following values: Initial Permeability y; in temperature 23°C is 3000 + 25%, Core Loss per
unit of volume P, at frequency f = 100 kHz and amplitude of flux density B, = 200 mT and
temperature 23°C is equal to 345 kW/m?>, Curie Temperature Tc = 220°C, Effective Saturation
Magnetic Flux Density B,,s at H = 1200 A/m and temperature 23°C is equal to 520 mT, Coercive
Force = 8.5 A/m.

Fig. 2. Mounting manner of the windings of the tested air transformer on the ferrite plates

The correctness of the obtained results of computations was verified by comparing them with
the results of measurements. These measurements were performed using the set-up shown in Fig. 3.

generator . i Inputresistance

power
amplifier

L

< AN
h

Fig. 3. View of the measurement set-up
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In this measurement set-up the windings of the tested transformer (DUT) are arranged
horizontally, parallel to each other and supported on a special structure made using 3D printing.
This design enables step adjustment of the distance between the windings. The transmitting
winding is powered by a sinusoidal signal generated by the power amplifier AETECHRON 7228
and a resistor of resistance 2.2 Q. The load winding of the receiver is loaded with a power resistor
with adjustable resistance. The RMS values of the input and output voltage are measured using
RIGOL DM3068 multimeters. In the case of frequency response measurements, the classic RLC
bridge from GwlInstek was used.

4. Investigation results

In order to verify the correctness of the elaborated model some computations and measurements
were performed. The calculation and measurement results are shown in Figs. 4-11. In these figures,
the points denote the results of measurements, whereas the lines — the results of calculations
obtained with the use of the proposed model. The investigations were carried out for a transformer
without and with ferrite plates. In Figs. 4-5 the blue color is used to mark the results obtained for
the winding without any ferrite plates, whereas other the colors are used to present the results
obtained for windings with 1 ferrite plate (red), 2 ferrite plates (green) and 3 ferrite plates (yellow).

In the performed computations the following values of the model parameters were used:
Lsio = 354 uH, Lgyo = 33.2 uH, ALs; = 179.1 pH, ALs, = 161.1 pH, Lg; = 5 pH,
LR2 =14 MH, Cpl() =2 pF, Cp20 =2 pF, ACpl =8 pF, Asz =38 pF, Cm() =1 nF,
ACypo = 0.50F, dy = 111.1 mm, kg = 0.88, Ak = 0.1, ky = 0.77, Aky = 0.5, Rpo = 47 Q,
ko =16, ax = 1.5 ps, fo = 100 kHz, Rg; = 0.2 Q, Rsr = 0.25 Q. These values of the mentioned
parameters are obtained using the procedure described in Section 2. Next, these values were
adjusted to obtain the best possible agreement between the calculation and measurement results.

Figure 4 shows the dependence of the module (Fig. 4(a)) and phase (Fig. 4(b)) of the transmitting
winding impedance on frequency. The investigations were carried out for a winding without ferrite
plates and with a different number of such plates (from 1 to 3).

100000 100
1 plate ——————

transmitter —
10000 | 80 / 2 plates
2 plates 60 5 no plate

1000 q

z1Q]
g

0 [deg]
<

transmitter
-80 4 \_‘T\
-100 T

0.01 0.1 1 10 100 1000 10000 1 10 100 1000 10000
f[kHz] f [KHz]

(@ (b)

Fig. 4. Measured and computed dependence of the module (a) and phase (b) of the of the transmitter winding
impedance on frequency for different numbers of the used ferrite plates

0.1
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As can be seen, the dependence of the impedance modulus on frequency is a constant function
for frequencies f < 200 Hz. In this range, the value of the impedance modulus is determined by
the winding resistance. In turn, the inductive character of the considered dependence is visible in
a wide frequency range above 1 kHz. The use of ferrite plates causes an increase in the impedance
modulus for f > 1 kHz resulting from an increase in the winding inductance. For different numbers
of ferrite plats practically the same characteristics we obtained. This means that the use of additional
ferrite plates changes neither the module characteristics nor the impedance phase. For a winding
operating with a ferrite plate, there is a maximum in the frequency impedance characteristic of the
module, and in the phase characteristic it is accompanied by a step change in the phase from 90° to
—90°. This means the occurrence of resonance and a change in the winding impedance properties
from inductive to capacitive. At resonance the value of overvoltage does not exceed 2 V.

Figure 5 illustrates the calculated and measured dependences of the module and the phase
impedance of the receiver winding on frequency. As can be seen, the shape of these characteristics
is similar to the characteristics presented in Fig. 4 for the transmitter winding. In both the cases,
good agreement between the calculation and measurement results was obtained. This confirms the
correctness of the developed model for individual windings. It is visible that for the number of
ferrite plates higher than 1 practically no changes in obtained characteristics are visible. Therefore,
in the next figures results obtained for transformers without any ferrite plate and with one plate
only are presented.

100000 100 -
ceive receiver ——
receiver 0 |
] ) o 1 plate 2 plates
10000 a! 60 4 pla
2 plates A 1 40 4
1000 -
/ 20
o o
S oo | 2 0
N
S 20
10 40
-60
1
-80 4
0.1 T T T T -100 T T T T
0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
f [kHz] f [kHz]

(@ (b)

Fig. 5. Measured and computed dependence of the module (a) and phase (b) of the impedance of the receiver
winding on frequency for different numbers of the used ferrite plates

Figure 6 presents the dependence of the module and phase of the input impedance of the tested
transformer on frequency when the receiving winding is loaded with a resistor of resistance 47 Q.
The investigations were performed with the coils adjacent to each other. The operation without
ferrite plates and with such plates was considered.

As can be seen, there is both a minimum and a maximum in the dependence of the impedance
modulus on frequency, indicating the occurrence of series and parallel resonance. For a transformer
with ferrite plates, the maximum frequency occurs at a lower frequency than for a transformer with-
out these plates. For both the constructions of the considered transformer, good agreement was
obtained between the calculation and measurement results.
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1000
air transformer

100 4

with ferrite
D

plate without plate

0 [deg]

without plate -40 4
air transformer

0.1

0.01 0.1 1 10 100 1000 10000 0.01 0.1 1 10 100 1000 10000
f [kHz] f [kHz]

(@ (b)

Fig. 6. Measured and computed dependence of the module (a) and phase (b) of the input impedance of the
tested air transformers on frequency

Analyzing the results presented in Figs. 4 and 5 it is easy to observe that parasitic capacitances
of windings Cp; and Cp; visibly influence the presented characteristics for a frequency f higher
than 1 MHz. In turn, an influence of capacitance C,, on the characteristics shown in Fig. 6 is
visible for the values of a frequency higher than 10 kHz.

The following figures illustrate the results of large-signal investigations in the system shown in
Fig. 3. These graphs illustrate the influence of frequency, load resistance, the distance between
the windings and the presence of ferrite plates on the input voltage V7 and output voltage Vg of
the investigated transformer. In the mentioned figures, solid lines and filled squares refer to Vr
voltage, and dashed lines and unfilled squares refer to Vg voltage. All the presented results were
obtained with a peak-to-peak supply voltage (at the power amplifier output) of 19 V.

Figure 7 illustrates the influence of frequency on voltages V- and Vi at selected values of load
resistance Ry . The characteristics presented in Fig. 7(a) refer to the transformer without ferrite
plates, and in Fig. 7(b) — with ferrite plates.

Vigpp = 19V . Vigp =19V
-~ receiver 1

7 4 — transmitter R =1kQ 7 A
=

Vi Ve [V]

-- receiver

L — transmitter
with 8 mm plate

without plate

1 10 100 1000 1 10 100 1000
f [kHz] f [kHz]

(@) (b)

Fig. 7. Measured and computed dependence of the input and output voltage on frequency at selected values
of load resistance for the tested air transformers operating without any plate (a) and with the ferrite plate (b)

In Fig. 7(a) it can be seen that in the frequency range f < 20 kHz, the value of Ry resistance
has practically no influence on the values of both the considered voltages. Clear differences in
the shape of V¢ (f) and Vi (f) waveforms obtained for both Ry resistance values are visible for
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frequencies f > 100 kHz. The Vg voltage values obtained for Ry, = 47 Q and Ry, = 1 kQ at
frequency f = 1 MHz differ almost three times. Vg(f) and Vy(f) waveforms assume almost
constant values in the frequency range from 20 to 100 kHz.

In turn, in Fig. 7(b) it can be seen that the use of ferrite plates allowed increasing the value
of both the voltages by approximately 10% and extending the frequency range, in which the
dependence of both the voltages on frequency is almost invisible. This range starts from 10 kHz.
Comparing Figs. 7(a) and 7(b), it can be seen that the use of ferrite plates allowed for a significant
(even fourfold) increase in the value of both the voltages in the low frequency range. This is due to
a significant increase in the winding inductance when ferrite plates are used. In the high-frequency
range, parasitic capacitances have the dominant influence on the considered characteristics, the
values of which only slightly depend on the presence of ferrite plates. Therefore, in this respect, the
differences between the characteristics of a transformer with and without ferrite plates are small.

Figure 8 presents transfer voltage characteristics of the tested transformer operating without
any plate (Fig. 8(a)) and with such plate (Fig. 8(b)).

Vip =19V Vipp =19V

09 1 R, = 1kQ

0.8

= 06

0.4 4
0.3 4

0.2 4
0.1 4

0.2 4

with 8 mm plate

without plate
T

T 0 T T
1 10 100 1000 1 10 100 1000
f [kHz] f [kHz]

(@) (b)

Fig. 8. Measured and computed transfer voltage characteristics for the tested air transformers operating
without any plate (a) and with the ferrite plate (b)

As it is visible, for the transformer operating without any plate the value of the voltage transfer
is smaller than for this transformer with the ferrite plate. Such differences are mostly visible in the
low-frequency range. An influence of the load resistance on the characteristics n(f) is the biggest
in the high-frequency range. The use of the ferrite plate makes it possible to obtain a high value of
voltage transfer in a wide range of frequencies.

Figure 9 illustrates the influence of load resistance Ry, on the voltage values Vg and Vr at
selected frequency values. Figure 9(a) shows the transformer without ferrite plates, and Fig. 9(b) —
with these plates.

It is worth noting that all the presented dependences Vg(R;,) and V(R ) are monotonically
increasing functions. A stronger influence of load resistance on Vg voltage is observed than on
Vr voltage. This is related to the limited efficiency of energy transfer be-tween the transformer
windings. In the considered frequency range, the presented wave-forms depend only slightly on the
presence of ferrite plates. These plates only reduce the difference between the Vg and V¢ voltage
values. For a transformer without ferrite plates, this difference reaches 20%, and for a transformer
with ferrite plates it is twice as small.
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Fig. 9. Measured and computed dependence of the input and output voltage on load resistance at selected
values of frequency for the tested air transformers operating without any plate (a) and with the ferrite plate (b)

Figure 10 illustrates the dependence of Vg and Vr voltages on the distance between the
transformer coils with ferrite plates at selected values of load resistance and frequency.

8 8
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Fig. 10. Measured and computed dependence of the input and output voltage on the distance between the
windings at selected values of frequency for the tested air transformers operating without any plate for load
resistance equal to 47 Q (a) and 1 kQ (b)

As can be seen, the distance between the coils practically does not affect the voltage of the
transmitting coil, but it strongly affects Vg voltage. Comparing the characteristics obtained with
both the considered resistance values Ry, it can be seen that a decrease in the Vi voltage value
with an increase in the distance between the coils is faster with a lower Ry, resistance value. At
a low value of load resistance, the energy transmission between the coils disappears when the
distance between them is larger and the frequency is higher. With the same distance between the
coils and the same frequency value, Vg voltages obtained at R;, = 1 kQ are even 4 times higher
than for Ry, = 47 Q.

Figure 11 illustrates the influence of the distance d between the coils on voltages occurring on
both the windings of the investigated transformer operating without ferrite plates.

It can be seen that the value of voltage V7 practically does not depend on the distance d, while
voltage Vg decreases exponentially with an increase in the value of d. The steepness of the Vg
voltage drop is bigger with a higher resistance value Ry . At the lower of the considered resistance
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Fig. 11. Measured and computed dependence of the input and output voltage on the distance between the

windings at selected values of frequency for the tested air transformers operating with the ferrite plate for
load resistance equal to 47 € (a) and 1 kQ (b)

values Ry, the influence of frequency on the course of the Vg (d ) relation-ship is visible. At this
resistance value, an increase in frequency causes a drop in this voltage by up to 50%. Comparing
the results presented in Figs. 9 and 10, it can be seen that with the same distance between the coils,
a higher Vg voltage value is obtained when the transformer works with ferrite plates.

5. Conclusion

The paper presents the results of the experimental and simulation investigations illustrating the
influence of selected factors on properties of air transformers with and without ferrite plates. A
model of such a transformer dedicated to the SPICE program was formulated and its usefulness
was demonstrated for determining frequency characteristics of the investigated transformers and
for performing transient analyses of the systems with such transformers. It was shown that the
developed model ensures good agreement between the calculated and measured characteristics of
the investigated transformers.

The results of the investigations show that the use of ferrite plates increases the inductance
of individual windings and increases their parasitic capacitances. The frequency characteristics
of a transformer with or without ferrite plates have a similar shape. There are two extremes
corresponding to parallel and series resonance. The differences between these characteristics are
only quantitative. It is worth adding that the number of the used ferrite plates does not influence
the obtained frequency characteristics of the windings and the transformer.

In the case of large-signal operation of the considered transformers when excited with
a sinusoidal signal, it was observed that the voltage on the receiving winding decreases with an
increase in frequency and the distance between the coils and with a decrease in load resistance.
The use of ferrite plates increases the inductance of each winding and the coupling coefficient
between them. The voltage values on the receiving coil in the low frequency range are much higher
for a transformer with ferrite plates. The use of these plates also weakens the dependence of the
coupling coefficient between the coils on the distance between them.
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The presented results of the investigations and the proposed air transformer model may be
useful for designers of wireless power transfer. This model will allow for a more detailed analysis
of properties of the considered class of transformers.

Conventional applications of air transformers entail specific operating ranges, while in WPT
systems there are current standardization. Within these operational ranges, compensation of coils
utilizing capacitive networks occurs, necessitating a modification of the entire equivalent circuit.
The properties of the considered class of networks depend on the transferred power and load
resistance.

It is important to note that alterations in the coil and ferrite plate dimensions can impact the
results due to resultant changes in mutual inductance. It is crucial to ensure that, if the core is not
saturated, it operates within a linear region. These operational limits will be clarified in the future
research using the finite element method (FEM) simulation.

When a ferrite plate is added to the air transformer, there is a concentration of the magnetic
field within this medium. As a result, the mutual inductance and magnetic coupling factor visibly
change. The specific description of these changes depends on several other factors, such as coils
geometry and frequency. A model that accurately will represents this phenomenon have to be
formulated and it should incorporate all significant variables as its parameters.

In our future works an influence of nonlinearities in magnetization characteristics of the used
ferrite plate on the transformer conversion ratio will be investigated. Additionally, an influence of
the shape and dimensions of ferrite plates on these characteristics will be analyzed.
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