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Abstract: The article shows an analysis of the influence of the skin effect on the maximum efficiency
and maximum power of a receiver in a wireless power transfer system (WPT). For this purpose,
the original solution of the WPT system was used, which contained periodically arranged planar
coils. The results concern the multi-variant analysis of the WPT system. The geometry of the coils
was taken into account, i.e., the size of coils, the number of turns, as well as the distance between
the transmitting and receiving coils. The calculations were carried out over the frequency range of
0.1-1 MHz. In order to analyse the influence of the skin effect on the proposed WPT system, two
approaches were used: analytical and numerical. The article analyses the appropriate selection of
load impedance in order to obtain maximum efficiency or maximum power of the receiver. In this
analysis, the influence of the skin effect on each of the two operating procedures was examined.
The obtained analytical and numerical results differed by no more than 0.45%, which confirmed the
correctness of the proposed WPT model. Based on the results, it was determined that the greatest
influence of the skin effect occurred at 1 MHz. Then, the efficiency decreased by no more than 9%,
while in the case of the receiver power decreased by an average of 25%. Detailed analysis shows the
influence of the skin effect on the system parameters, and can also be an important element in the
design of WPT systems.

Keywords: wireless power transfer; skin effect; numerical analysis; power and efficiency maximization;
circuit analysis

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 in the Internet of Things (IoT) [12,13]. WPT technology is divided
into two main classes (Figure 1). The first is the radiated far-field WPT [16-18]. The second
group is a non-radiated near-field WPT.

Many authors analysed the shape of the coils and winding methods. In [19], textile
coils for near-field WPT were analysed due to their characteristics. The focus was on the
efficiency of the WPT system. In [20], the authors analysed coils of various shapes (circular,
square, or planar). In [21], the authors analysed sewn, laser cut, and printed inductors. One
of the coils was made of silver-coated yarn. They showed that this type of coil was not
suitable for the WPT system. The reason was the excessive resistance of the coil.

In WPT systems, there is an interaction between the magnetic field and the electric
field. The AC current in the copper coils is the source of the magnetic field, which induces
an oppositely directed electric field. This field is responsible for the formation of secondary
currents, i.e., currents flowing in the conductor in the opposite direction to the main current.
Secondary currents reduce the value of the magnetic field and change the current density.
In addition, the magnetic field created by the current around the conductor affects the
adjacent conductors, penetrating them as an electromagnetic wave, inducing currents on
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the surface of adjacent conductors and thus increasing the value of the current flowing.
These phenomena are the source of the so-called skin effect. These phenomena have a
significant influence on the value of power losses [22] and the efficiency of the entire WPT
system. As the skin effect increases, so does the winding resistance [23]. To reduce power
loss in copper, enameled wires are made into a bundle of wires made of many very thin
conductors insulated from each other. The diameter of a single wire from which the bundle
is made depends primarily on the depth of current penetration on the surface of the copper
wire [23]. The wire diameter should be less than the penetration depth. This depth in a
single copper wire depends on the frequency of change in current (f), permeability (¢), and
conductivity (o) of the conductor. At high frequencies, the skin effect causes the current
not to flow through the entire cross-section of the wire, but only through its outer layer,
adjacent to the surface, and the thickness of this layer decreases with increasing frequency.

Wireless Power Transfer System

(WPT)
I
[ ]
| Non-Radiative Near-Field WPT | Radiative Far-Field WPT |
! ]
Inductive coupling Capacitive coupling

| |
Inductive Power Transfer (IPT) Capacitive Power Transfer Microwave Power Laser Power Solar Power
Magnetically-Coupled Resonanse (MCR WPT) (CPT) Transfer (MPT) Transfer (LPT) | | Satellite (SPS)

Figure 1. Classifications of the WPT system.

In [24], an optimized winding model was proposed. In this approach, a multi-strand
Litz wire was used. This type of wire allows reducing the skin effect, particularly 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, which are proposed in this article. For
this reason, in small coils, it is important to know the influence of the skin effect on the
efficiency of the system.

In [25], the skin effect at high frequency was studied. The authors showed a plane
spiral arrangement with air hole. In this approach, they indicated that in order to reduce
the influence of the skin effect, the thickness of the wire must be less than the skin depth.
In [26], experimental measurements of the low frequency skin effect and internal inductance
for a number of copper wires of various diameters and various linear cylindrical solid
conductors, including copper, aluminum and brass rods, are provided. Measurements were
compared with standard resistors, inductors, and capacitors.

Due to the problems related to the skin effect, new solutions are sought, including use
of metamaterials [27] in WPT systems. In [28], the authors proposed the use of metasurfaces
to enhance evanescent wave coupling to improve the wireless power transfer efficiency of
multiple receivers.

Typical topologies are series and parallel combinations. In [29], the authors presented
a series—parallel-series topology. This topology allows the power rating to be shifted in
the event of severe misalignment. The authors [30] proposed various types of coils, e.g.,
domino. However, studies have only been conducted for the series configuration, when
the series—parallel system has not yet been fully analysed.

Parallel connections have already been considered in the literature. For example, many
sources and loads were shown in [31]. Nevertheless, to match the input impedance, the
sources had been separated (in theory, each load had its own source), and additionally,
the source—load connection was realized using intermediate resonant coils. This type of
“modular” system has successfully integrated multiple low-power IPT systems to increase
power level, even at the cost of efficiency. In [32], a different approach was used, several
transmitter-receiver systems were made, but a single load was powered (similarly to [31]).
Therefore, with a reduced number of parallel circuits and only one load, the matching
network was not needed, while recent studies [33,34] focused on parallel-connected invert-
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ers (sources) with a single transmitting coil and one receiving coil. This resulted in the
efficiency between 85% and 93%, whereas the study presented in this manuscript focused
on both multiple sources and loads (arranged periodically) with the intention of powering
low-power devices, which was not investigated widely so far.

The paper shows a WPT system with periodically arranged planar coils. Two analysis
approaches (analytical and numerical) have been proposed. The analytical method allows
quickly determining the main parameters of the system, such as power and efficiency.
The proposed numerical solution does not require the entire model with all coils, as those
presented in [35-37]. In typical numerical modeling of the WPT system, the authors did
not use periodic boundary conditions. For this reason, the number of degrees of freedom
(NDOF) is huge, which does not allow for detailed representation of the models and limits
its size. The proposed numerical solution allows for the analysis of complex structures.
Both proposed solutions reduce the size of numerical and circuit models. By appropriate
selection of the load impedance, it was possible to calculate maximum efficiency and
maximum load power. Therefore, the system was studied in two operating procedures. The
analysis was conducted over the frequency range of 0.1 to 1 MHz. Calculations were made
for different values of the model geometry. The influence of the skin effect and geometrical
parameters of the WPT system on the efficiency and power of the load was analysed.

In Section 2, the analyzed model of the WPT system is presented and described.
The author also describes numerical and analytical approaches to analysis. In Section 3,
the following data are shown: (a) analysis conditions and calculated values of lumped
parameters of the analyzed models (Section 3.1); (b) numerical and analytical results for
the system operating at maximum efficiency (Section 3.2); (c) numerical and analytical
results for the system operating at maximum load power (Section 3.3). In Section 4, the
conclusions are described.

2. Analyzed Models Composed of Plane Coils

The considered system has transmitting (Tx) and receiving (Rx) coils. They are ar-
ranged periodically. Each Tx-Rx pair is called a WPT cell. The dimensions of the cell
depend on the dimensions of the coils (d x d) (Figure 2). Both coils (Tx and Rx) of the
WPT have the same radius (r) and the same number of turns (n). Each coil contains an
additional compensating capacitor. The transmitting coils form the transmitting surface
and the receiving coils form the receiving surface, between which wireless energy transfer
takes place. The transmitting surface has a sinusoidal voltage source (U}). The receiving
coils are connected to the loads (Z;). Two types of coils were considered: a small coil (radius
r =0.01 m) and a large coil (radius r = 0.025 m). The coils were wound on a non-conductive
carcass. Compensating capacitors are mounted on them, which are connected in series with
the coils.

In the analyzed models, it is possible to select the power supply conditions depending
on the requirements. Multiple receivers can be powered simultaneously. The considered
cell Ayimy+n (Figure 2b) is part of an array, where m is the column number and 7 is the
row number.

Each Tx is connected in parallel with a sinusoidal RMS voltage source (U;), which
powers the transmitting surface. Each WPT cell is assigned an individual load, which is Z;.

The article presents two approaches to analysis: numerical and analytical. The use
of the proposed numerical approach allows reducing the number of degrees of freedom
(NDOF) and shorten the analysis time (Section 2.1). However, the use of an analytical
approach allows determining the power flow already at the design stage. A preliminary
analysis of basic electrical properties is also possible (Section 2.2).
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Figure 2. The analyzed periodic WPT system: (a) a three-dimensional model, (b) a two-dimensional

fragment of a group of transmitting or receiving surfaces.

2.1. Numerical Approach

Numerical modeling is one of the basic tools of a scientist or engineer. With the use of
appropriate models resulting from the approximate description of physical phenomena, it is
possible to both test the design of devices and determine or optimize their essential features.
The biggest challenge is to describe the problem, so that it is concise and contains the
most important features of the modeled system. Proper selection of boundary conditions
requires both practical experience and theoretical knowledge.

The use of numerical methods (e.g., FEM, FDTD, FDFD) [38-40] allows creating
a model, and because of quick modifications, it is possible to perform a multi-variant
analysis in order to determine the distribution of the magnetic field. The disadvantage of
numerical methods is the limitation of the model geometry, i.e., the number of degrees of
freedom (NDOF). In addition, the greater the number of degrees of freedom, the longer the
computation time, but then the results are more accurate.

One of the most commonly used methods for building approximate numerical models
is the finite element method (FEM). It allows searching for solutions of partial differential
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equations after discretization of these equations using mesh elements that are treated as
fragments of a discretized area with homogeneous properties.

The COMSOL package, with the use of an additional Radio Frequency module, enables
modeling of wave problems in the frequency domain. A detailed description of these
boundary conditions can be found in the COMSOL package documentation [41,42].

The analyzed models had the following variables: coil radius (r), distance between the
transmitting and receiving coils (h), and the number of turns (). The coils are made of a
very thin copper wire (w; = 200 um), an electrical insulator with a thickness (w; = 5 pm),
and wire conductivity (¢ =5.6 x 107 S/m). The analyzed cell is filled with air (Figure 3).
The compensation capacitor was modelled as a lumped element with capacitance (C).
With periodic boundary conditions (PBC) [38—42], it is possible to simplify the model
to a single cell filled with air and composed of a Tx-Rx pair. Periodic conditions were
provided on surfaces parallel to the Z-axis. Using the finite element method, the entire
area needs to be digitized. A perfectly matched layer (PML) was used to simulate an
unrestricted environment, which prevents wave reflections from the boundaries of the
area. Two additional layers (PML) were introduced at the top and bottom of the WPT cell
(Figure 3a).

In addition, taking into account the use of the finite element method, the discretization
of the area must be matched to the electromagnetic wave generated in it. In order to
correctly represent the wave character in the considered models, the size of the mesh
elements was selected, so that there were at least 20 elements between adjacent nodes per
wavelength [40-42] (Figure 3b,c). A smaller number does not allow good mapping of the
entire wave period, while a larger number increases the number of degrees of freedom,
which also extends the calculation time.

The proposed model of the WPT system was constructed in the Comsol Multiphysics
4.3b software, which has built-in functions to solve the presented problems. It was possible
to limit the number of degrees of freedom by using the finite element mesh adaptation.
This allowed the mesh to be fine-tuned at important points in the model, i.e., coil turns and
corners, for accurate results. The mesh inside the model consisted of elements such as Free
tetrahedral and Free triangular. An analysis was conducted in the frequency domain, taking
into account the physics of Magnetic fields in connection with a fragmentary Equivalent circuit.
The coils were modeled using the built-in current sheet approximation of planar inductors
(Multi-turn coil boundary condition), where the voltage source (U = 1 V), capacitors (C), and
load (Z;) were connected to the coils by internal coupling with a fragmentary Equivalent
circuit. The numerical models contained approximately 500,000 degrees of freedom.

The energy transport problem can be calculated using a magnetic vector potential

A=[A, Ay A, D

and the Helmholtz equation
1 .
V x (ﬂv ><A> —j2nfocA =],, (2)
0

where J, is an external current density [A/m?] that results from a voltage supply (Uy).
Equations (1) and (2) were solved by finite element method (FEM) [40-43]. The periodic
boundary conditions on the four external surfaces were defined as magnetic insulation n;
X A =0, where n; is a surface normal vector ns = [1, 1, 1;].

The analyzed models of WPT system are presented in Table 1. The calculations were
performed over a specified frequency range of 0.1 MHz to 1 MHz with a step of 50 kHz, at
the distances 1 = /2 and h = r for the small and large coils.
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Figure 3. A numerical model with a pair of coils Tx-Rx: (a) a WPT cell geometry, (b) a grid over the
entire area, (c) a grid over coils.

Table 1. Geometrical parameters of the analyzed models of WPT system.

r (m) n h (m)
10 0.005 0.01
20 0.005 0.01
0.01 30 0.005 0.01
40 0.005 0.01
50 0.0125 0.025
0.025 60 0.0125 0.025
70 0.0125 0.025

2.2. Analytical Approach

Numerical methods provide correct results if appropriate boundary conditions are
applied and the real model is well mapped. Unfortunately, in numerical modeling it
is often necessary to use simplifications, e.g., to reduce NDOF. On the other hand, the
implementation of the equivalent circuit and the use of analytical equations allow obtaining
a solution related to power transport. Very often, a simpler model that still provides the
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same range of calculations is desired. The use of the analytical method allows avoiding the
long modeling process with the imposed requirements of the numerical method [43].

Due to the developed analytical method, it is possible to reduce a wide periodic
network to a single WPT cell (Figure 4a). This approach will allow determining the initial
results of the analysis, but at the same time, it is less complicated and does not require
numerical modeling. The proposed analytical solution is a combination of a two-port set
with a dependency for determining lumped parameters. The solution in the frequency
domain was performed using circuit analysis (Figure 4b). In this case, the problem is to
determine the lumped parameters taking into account the influence of the adjacent coils on
the equivalent inductances Tx and Rx and mutual inductance M;.

1
]f R[ .LM; ]-" Rr
L B | . ]
L | I—
[ ]
(’rr Lr Lr Zl
C; Cy
11 |1
1
transmitter
(a)
Rc Lcazf - Mr Rc Lcoi! - Mf
Y™ E
U M, Z
C C
If I}
(b)

Figure 4. An analytical model with (a) a periodic cell, (b) a replacement circuit.

In an analytical approach, there are mutual inductances between adjacent coils, which
influence the inductance in A, that is presented by

Leoit = Ls + ZZMx-i-m,y-i-n- (3)
m n

Leoj is an effective self-inductance [H], My y+n—mutual inductance between coils
[H], Ls—self-inductance of a spiral coil [H], which is described by

2
L = M [m(lff) Y kg + k4¢x2} : @)

A mean diameter is presented by

i, = 2r+2[r—;(wd+di)]‘ 5)

A fill factor is described by

n(wq + w;)
2 —n(wy +w;)’

(6)

Coefficients k1, ko, k3, ks depend on the shape of the coil [44]. Then, Equation (3) can
be presented as
Leoit = Ls + My, 7)
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where M, is the sum of mutual inductances in the periodic grid, because it reduces the
inductance of the coil, it is with a minus. When the load Z = co and there is no capacitor in
series with Tx, M, is calculated as

My=-= _p, ®)

where R.—coil resistance [Q)], I; o = | I} o | &#¥—source current [A]. To avoid calculating
each M xim,y+n, Mt is solved by dependence

e

M; = iad ’ )

where Uy oo = | Uy oo | eje—voltage induced in the receiving coil [V]. After self-inductance
(Ls) and mutual inductance (M) were calculated, the series resonant capacitance was

determined (C):
1 1

Cf) = 2Lei @2 (Ls+ M,)’ (10

For the wire width (w; + w;), the total length is obtained by

(n = 1) (g +w3)]

> (11)

Iy = 27mn |r —

Taking into account that the transmitter and receiver coils are identical, the resistances
of the inductors are R; = R, = R.. The formulas for R, for the case without the skin effect,
Equation (12), and for the case with the skin effect, Equation (13), are presented by

lsm
Re=——, (12)
oy
2 _ (=) (watwi)
lsm nmni\r 5
Re ae = = ’ (13)

N Oclw Oclw

where o.—conductivity of the wire [S/m], a,—the effective cross-section of the wire [m?],
Equation (14):

fp = n(wdée - 532), (14)

where 6, is the effective skin depth [m] [45] which is described by

5 :(5(1exp<_;§d)>. (15)

At the same time, 0 is the skin depth:

[ 1
5= Fouro (16)

3. Analysis of the Calculated Values Obtained by Two Methods
3.1. Analysis Conditions and Calculated Values of Lumped Parameters

Both methods were used in the analysis with the same parameters (Section 2.1). The
analyzed WPT system models are presented in Table 1.

The same values were used for analytical calculations as in the numerical simulation,
eg., wg =200 um, w; =5 pum, . = 5.6 X 107 S/m, and U; = 1 V. On the basis of the
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values presented above, the correctness of the adopted assumptions was assessed. For
this purpose, a comparison of the active power of the receiver (P,) and the power of the

transmitter (P;) was conducted:
P, = R,I?, (17)

P = Uy, (18)

The power transfer efficiency was calculated as
P
n= ElOO Jo. (19)
The analysis was related with the suitable choice of the impedances by Equations (20)—(23)

over an analyzed frequency range:
-for the procedure with maximum efficiency:

Zors =\ R2 + (wMy)?, (20)

and in the case of the skin effect

Zets ac = \ Re.ac? + (M) 1)

-for the procedure with maximum load power:

w?M;?
Zpow = Re + ——, (22)
C
and in the case of the skin effect
2a1.2
w*M
Zpow?ac = Rcfac + d (23)

Rc_ac

The lumped parameters of the electrical circuit were determined using Equations (12)—(13),
(20)—(23). The values of the WPT system used in the analysis are presented in Tables 2-5. When
n increases, both impedances and the coil resistance increase. The skin effect increases the coil
resistance and impedance Zgg. On the other hand, it causes a decrease in the impedance Zj.

Table 2. Calculated circuit parameters for r = 0.01 m (without skin effect).

R, Z, (Q0) at 1 MHz Zpow (Q) at 1 MHz,
n

@ h = 0.005 m h=001m h = 0.005 m h=0.01m
10 0.32 242 0.63 18.01 121
20 0.58 8.73 2.08 133 7.54
30 0.75 15.26 361 310 17.33
40 0.86 18.69 439 408 2252

Table 3. Calculated circuit parameters for r = 0.025 m (without skin effect).

R, Zeﬁc () at1 MHz Zpow () at1 MHz
n

@ h=00125m h=0025m h=00125m h=0.025m
50 3.57 137 31.54 5219 279
60 4.06 180 Ma.71 7951 428

70 448 218 50.75 10627 575
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Table 4. Calculated circuit parameters for r = 0.01 m (with skin effect).

Re ac Zoff ac (Q)) at1 MHz Zpow_ac () at 1 MHz
, g
at1MHz (() h=0005m  h=0.01m h=0005m  h=0.0lm
10 0.42 243 0.68 14 1.10
20 0.75 8.74 214 102 6.11
30 0.98 15.28 3.67 239 13.74
40 1.11 18.71 445 314 17.79

Table 5. Calculated circuit parameters for r = 0.025 m (with skin effect).

Rc ac Zeﬁ‘fuc (Q?) at 1 MHz Zpow_ac () at 1 MHz
n
at1MHz () ,_00125m h=0025m h=00125m h=0.025m
50 463 137 31.67 4021 217
60 527 180 41.85 6124 332
70 5.82 218 50.88 8188 445

3.2. System Operating with the Maximum Power Transfer Efficiency

In this section, the calculation results of the analyzed WPT system, obtained by
analytical and numerical methods, were compared. The parameters of the system (r, #, and
h) were taken into account. Transmitter, receiver powers, and efficiency were calculated
based on both models.

In the maximum efficiency procedure, the impedances of the receiver Z,y and Zg 4
were calculated based on Equations (20) and (21). Calculations for different n and / are
shown in Figure 5 for a small coil and in Figure 6 for a large coil. The analysis showed that
the influence of the skin effect on the impedance values was negligible. Increasing n causes
a linear increase in impedance for a coil of r = 0.025 m and a non-linear increase for a coil
of r = 0.01 m. Regardless of the coil size, doubling & causes an approximately four-time
decrease in the impedance.

20 5
g 21 Z[Q] ]
16 4
14
12 3
10
8 ——Zeff (wio se) 2 —— Zeff (w/o se)
6 — —Zeff_ac (se) — —Zeff_ac (se)
4 1
2
° n[] 0 n[-]
10 20 30 40 10 20 30 40
(a) (b)

Figure 5. Load impedance for the cases with and without skin effect at 1 MHz for the small coil at
(a) h =0.005 m; (b) h = 0.01 m.
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0.6

0.4

0.2
10

20

— Zeff (w/o se)
— —Zeff_ac (se)
n
60
(a)

[l
70

55 Z10]

50

45

40

—— Zeff (w/o se)
— —Zeff_ac (se)

35

nl-
30 [
50 60 70

(b)

Figure 6. Load impedance for the cases with and without skin effect at 1 MHz for the large coil at (a)
h = 0.0125 m; (b) i = 0.025 m.

In Figure 7, the resistances of coils are presented (r = 0.01 m and r = 0.025 m). Skin
effect increases coil resistance by approx. 30% for small and large coils and regardless of
the number of turns.

—Rec (w/o se)

— —Rc_ac (se)

30

(a)

n[
40

RIQ] -
5.5 —— ==
5.0 ///// ——Rc (w/o se)
45 — —Rc_ac (se)
4.0
n -
3.5 [
50 60 70

(b)

Figure 7. Coil resistance with skin effect at 1 MHz and without skin effect for (a) small coil; (b) large

coil.

Maximum # values were compared, depending on n and , for cases with and without
skin effect, as seen in Table 6. Increasing the number of turns and/or the radius of the
coil increases the efficiency of the system. An increase in & causes a decrease in system

efficiency for the same coil size.

Higher i was obtained for the case without the skin effect. The results from numerical
and analytical methods were compared. For each case, absolute error was calculated, which
did not exceed 0.45%. It proved that the results were consistent.

The greatest influence of the skin effect on the efficiency occurs for a small coil,
regardless of the distance , at 9% (Table 7).
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Table 6. Maximum power transfer efficiency values at 1 MHz.

7 (%) at 1 MHz

n
With Skin Effect Without Skin Effect

h=0.005m h=0.0lm h=0.005m h=0.0lm
10 70.48 23.62 76.43 31.77
20 84.26 48.19 87.72 56.81
30 87.97 57.89 90.66 65.28
40 88.76 59.98 91.31 67.07

h=0.0125m h=0.025m h=0.0125m h=0.025m
50 93.43 74.11 94.90 79.35
60 94.31 77.66 95.59 82.28
70 94.83 79.18 95.99 83.48

Table 7. Difference between the maximum values of # at 1 MHz for cases with and without skin effect.

n Ay (%) at 1 MHz
h=0.005m h=0.01m
10 6 8
20 3 9
30 3 7
40 3 7
h=0.0125m h=0.025m
50 1 5
60 1 5
70 1 4

The P;, P, power, and 7 characteristics are shown on the graphs: in Section 3.2.1 for the
small coil and in Section 3.2.2 for the large coil. The numerical analysis results are presented
as dashed lines for the case with the skin effect and solid lines for the case without the skin
effect (marked as FEM in the legend). The results of the analytical analysis are represented
by dots (marked as A in the legend).

3.2.1. Results for a Small Coil

The graphs: transmitter, receiver power, and efficiency at the distances between the
coils & = 0.005 m and k = 0.01 m for cases with and without skin effect are presented in
Figures 8-11.

80
70
60
50
40
30
20
10

00 f[MHz] | f[MHz] o ) fMHz]
01 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08 09 1.0 01 02 03 04 05 06 07 08 09 10
——-h=0.005 m (se) FEM ——-h=0.01 m (se) FEM ——-h=0.005 m (se) FEM ——-h=0.01 m (se) FEM ——-h=0.005 m (se) FEM —— h=0.01 m(se) FEM
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Figure 8. Results for nn = 10 for the cases with and without skin effect: (a) P¢, (b) Py, (¢) 7.
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Figure 10. Results for n = 30 for the cases with and without skin effect: (a) Py, (b) Py, (c) 1.
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Figure 11. Results for n = 40 for the cases with and without skin effect: (a) P;, (b) P;, () 7.

The P; power decreases over the entire frequency range, regardless of n (Figures 8a,
9a, 10a and 11a). This power is the same for the cases with and without skin effect at
h =0.005 m. However, at 1 = 0.01 m, P; is higher for the case without skin effect, regardless
of n.

Receiver power is always higher for the case without skin effect (Figures 8b, 9b, 10b
and 11b). The greatest differences in values occur at & = 0.01 m and equal 150 mW for n = 10
at 1 MHz (Figure 8b). When # reaches approx. 50%, the P, power reaches its maximum
value. Then, the power decreases. The P, power decreases with increasing .

As the frequency increases, 7 increases, too, regardless of i and n (Figures 8c, 9¢, 10c
and 11c). Doubling the distance / results in a decrease in efficiency by up to 40%. The
greatest difference in efficiency #, for the cases with and without skin effect, occurs at
h=0.01 m, n = 20 and reaches 9% at the frequency of 1 MHz (Figure 9c). As n increases,
this difference decreases.
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3.2.2. Results for a Large Coil

Figures 12-14 present the graphs: P;, P, power, and efficiency at & = 0.0125 m and
h =0.025 m, for the cases with and without skin effect.
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Figure 12. Results for n = 50 for the cases with and without skin effect: (a) P;, (b) P;, (c) 7.
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Figure 13. Results for n = 60 for the cases with and without skin effect: (a) Py, (b) Py, (c) 1.
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Figure 14. Results for nn = 70 for the cases with and without skin effect: (a) P;, (b) P;, (c) 7.

The P; power decreases over the entire frequency range, regardless of nn and & (Figures 12a,
13a and 14a). The transmitter power is always higher at i = 0.025 m, regardless of n. The
greatest difference in values occurs in the lower frequency range. The P; power is the same for
the cases with and without skin effect at all distances.
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At the distance & = 0.025 m, it can be observed that with all characteristics, when the
efficiency reaches approx. 50%, the P, power reaches its maximum value (Figures 12b, 13b
and 14b). Then, this power decreases when the efficiency exceeds 50%. The P, power is
higher at i = 0.025 m over the entire frequency range. As n increases, the P, power decreases.
The shape of the P, characteristics for the cases with and without skin effect is very similar.
The receiver power is always higher for the case without skin effect. Regardless of the
distance h, this difference decreases with the increase in n over the entire range of the
analyzed frequencies.

As the frequency increases, 1 increases, too, regardless of i and n (Figures 12¢, 13c and
14c). Doubling the distance / resulted in a decrease in 7 by up to 50% at lower frequencies.
The greatest difference in 1 for the cases with and without skin effect occurs at # = 0.025 m
and reaches 4-5%. At h = 0.0125 m, the difference is negligible, at 1%, regardless of n. The
shape of the efficiency characteristics for all cases is very similar.

3.3. System Operating with the Maximum Load Power

In the maximum load power procedure, the values of the load impedances Zy,, and
Zpow_ac Were calculated, taking into account 7, the distance 1 between the coils Tx and Rx,
for the small coil (Figure 15) and the large coil (Figure 16).

24

Z[Q]
20
16
12
8 ——Zpow (w/o se)
——Zpow (w/o se) — —Zpow (se)

— —Zpow (se) 4

- n .

n[ 0 [l

30 40 10 20 30 40
(a) (b)

Figure 15. Load impedance for the cases with and without skin effect at 1 MHz for the small coil at
(a) h = 0.005 m; (b) & = 0.01 m.
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Figure 16. Load impedance for the cases with and without skin effect at 1 MHz for the large coil at
(a) h = 0.0125 m; (b) & = 0.025 m.
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Doubling & results in over than eighteen-time decrease in the impedance for the small
coil and over than seventeen-time decrease for the large coil. The influence of the skin effect
on the impedance values was the highest for n = 40 for the small coil and for n = 70 for the
large coil; it was above 20% in both cases.

Maximum load power values, depending on n and h, were compared for cases with
and without skin effect, as seen in Table 8.

Table 8. Maximum load power values at 1 MHz.

P, (mW) at 1 MHz

n
With Skin Effect Without Skin Effect

h=0.005m h=0.0lm h=0.005m h=0.0lm

10 578 369 756 564

20 333 295 433 402

30 255 238 332 318

40 225 211 292 282
h=0.0125m h=0.025m h=0.0125m h=0.025m

50 54 53 70 69

60 47 47 62 61

70 43 43 56 56

Higher load power values were obtained for the case without skin effect. The greatest
influence of the skin effect on P, power was observed for the small coil at # = 0.01 m and
n =10, but for the large coil it was observed for n = 50 (Table 9).

Table 9. Difference between the maximum load power values at 1 MHz for cases with and without
skin effect.

n AP, (mW) at 1 MHz
h =0.005m h=0.0lm
10 178 195
20 100 107
30 77 80
40 67 71
h=0.0125m h=0.025m
50 16 16
60 15 14
70 13 13

The results obtained by circuit and numerical methods were compared. For each case,
the absolute error was calculated, which did not exceed 2.4 mW. It proved that the results
were consistent.

The P;, P, power, and # characteristics are shown on the graphs: in Section 3.3.1
(r =0.01 m) (Figures 17-20) for the small coil and in Section 3.3.2 (r = 0.025 m) (Figures 21-23)
for the large coil. The numerical analysis results are presented as dashed lines for the case
with the skin effect and solid lines for the case without the skin effect (marked as FEM in
the legend). The results of the analytical analysis are represented by dots (marked as A in
the legend).

3.3.1. Results for a Small Coil

The transmitter, receiver power, and efficiency graphs at the distances /# = 0.005 m and
h = 0.01 m for the cases with and without skin effect are presented in Figures 17-20.
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Figure 17. Results for n = 10 for the cases with and without skin effect: (a) Py, (b) Py, (c) 7.
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Figure 18. Results for n = 20 for the cases with and without skin effect: (a) P;, (b) P;, (c) 7.
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Figure 19. Results for n = 30 for the cases with and without skin effect: (a) Py, (b) Py, (c) 7.
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Figure 20. Results for n = 40 for the cases with and without skin effect: (a) P;, (b) P;, () 7.
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Regardless of 1, the P; power decreases over the entire frequency range (Figures 17a,
18a, 19a and 20a). As f and n increases, the influence of the skin effect on the transmit-
ter power increases. The P, power values stabilize after reaching the maximum value
(Figures 17b, 18b, 19b and 20b). However, at & = 0.01 m, the P, power increases over the
entire frequency range. The skin effect reduces the P, power as the frequency increases.
The higher the frequency, the greater the influence of the skin effect on the P, power values.
Regardless of n and F, the P, power is always higher for the case without skin effect. The
differences in values for the cases with and without the skin effect are approximately 23%,
regardless of n, at 1 = 0.005 m and at f = 1 MHz.

In this operation procedure, # tends to a maximum of 50% then maximum power is
supplied to the load (Figures 17¢c, 18c, 19c and 20c). At h = 0.01 m, 7 increases over the
entire analyzed frequency range, regardless of n. As n increases, the influence of the skin
effect on the efficiency of the system decreases (Figures 19c and 20c). The greatest influence
of the skin effect can be observed at /1 = 0.005 m and n = 10, 20 (Figures 17c and 18c).

3.3.2. Results for a Large Coil

The following characteristics are shown in Figures 21-23: P; and P, powers, and 7 at
distances 0.0125 m and 0.025 m for cases with and without skin effect.
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Figure 21. Results for n = 50 for the cases with and without skin effect: (a) P;, (b) P;, () 7.
0.20 65 p [mw]

60

55 © T

0.18

-
-
—o—
o~

0.16

50 2—3——0—6—6—3—;09?33_—8:&8_%:9
0.14 45
0.12 40
35
0.10 ! 30 ¢
0.08 f[MHz] 25 f[MHz] 0 f[MHz]
01 02 03 04 05 06 07 08 09 1.0 01 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08 09 10
——-h=0.0125m (se) FEM ——-h=0.025 m (se) FEM ——-h=0.0125m (se) FEM ——-h=0.025 m (se) FEM ——-h=0.0125m (se) FEM ——-h=0.025 m (se) FEM
h=0.0125m (w/o se) FEM h=0.025 m (wfo se) FEM h=0.0125 m (wio se) FEM h=0.025 m (wlo se) FEM h=0.0125m (wio se) FEM h=0.025 m (wlo se) FEM
¢ h=0.0125m (se) A e h=0.025m (se) A o h=0.0125m (se) A ¢ h=0.025m (se) A o h=0.0125m (se) A ¢ h=0.025m (se) A
= h=0.0125m {wio se) A * h=0.025 m (wlo se) A = h=0.0125m {wio se) A * h=0.025m (wio se) A = h=0.0125m (wio se) A * h=0.025m (wlo se) A
(a) (b) (c)

Figure 22. Results for n = 60 for the cases with and without skin effect: (a) Py, (b) Py, (c) 7.
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Figure 23. Results for nn = 70 for the cases with and without skin effect: (a) P, (b) P;, () 7.

Regardless of 1, the P; power decreases over the entire frequency range (Figures 21a,
22a and 23a). As n increases, the transmitter power decreases. The influence of the skin
effect on the P; power is greater with increasing f and 7, and at the frequency of 1 MHz, it
is comparable, regardless of the distance between the coils.

The P, power stabilizes after reaching the maximum value (Figures 21b, 22b and 23b).
As n increases, the P, power decreases. As the frequency increases, the skin effect reduces
the receiver power. The higher the frequency, the greater the influence of the skin effect on
the values of P, power. Regardless of n and &, the P, power is always higher for the case
without skin effect.

In this operation procedure, # tends to a maximum of 50%, and then the maximum
power is delivered to the load (Figures 21c, 22¢ and 23c). The influence of the skin effect on
1 of the WPT system at i = 0.0125 m is negligible. However, at / = 0.025 m, the influence of
the skin effect on 7 is the greatest over the frequency range of 0.2 MHz to 0.5 MHz.

3.4. Distribution of Magnetic Flux Density

Example distribution of magnetic flux density (B) is presented in xz cut plane of the
model along with normalized vectors, showing the direction of B (Figure 24). The Tx coil is
located at z = 0 while Rx is at z = 0.005 m.

x10™ IBI (T)
90 %107
80
70 !
————— 50
60
50
40 40
= 30
)
w 20 30
10
0
20
10
20
-30 - 10
-40

-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
x (m)

Figure 24. Magnetic flux density distribution (color) and its normalized vectors (white arrows) in xz
surface, for the model with maximized efficiency at r = 0.01 m, & = 0.005 m, n = 30, and f = 1 MHz.

4. Conclusions

Alternating current generates lower losses, making it much better suited to transmit
power over long distances. For the same reason, wireless technologies are unlikely to
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completely replace wired solutions. The idea of wireless energy transmission has been
discussed for many years, but recently there have been more and more experiments con-
firming the practical possibility of using such a solution. If all efforts lead to progress, we
expect WPT technology to spread on a larger scale and have a huge impact on everyday life.

In this article a WPT system was presented, in which the maximum efficiency and
maximum load power operating procedures have been solved. In the article, the analytical
and numerical approaches were shown. Both proposed methods of analysis were suitable
for evaluating the properties of the WPT system and allowed for a quick estimation of
power and efficiency. Since thin wires are used in planar coils, the influence of the skin
effect on system efficiency is an important part of the analysis. The article presents an
analysis of this problem on the example of many variants that differ in the geometry of the
system. This analysis was focused on the maximum efficiency and power of the load.

With a detailed and multi-variant analysis, it can be concluded that the skin effect is
acceptable. At 1 MHz, the efficiency losses for the small coil are max. up to 5%, and for the
large coil, they are up to 9% (Table 7). The greatest decrease in efficiency occurs for a larger
distance between the coils, i.e., i = r. With increasing distance, the efficiency decreases, and
the skin effect further reduces the efficiency value. With a higher number of turns, the skin
effect has less effect on the WPT system.

Analysis of the results of the maximum power of the receiver showed that the skin
effect is comparable for both coils (r = 0.01 m, r = 0.025 m) at a smaller distance (h =7/2).
However, with greater distance between the coils, the power values decrease as the number
of turns increases.

The influence of the skin effect on the maximum efficiency and power of the receiver
was analysed. Based on the results, the greatest influence of the skin effect occurred at
1 MHz:

(@) in the maximum efficiency procedure:
1) for the small coil (r = 0.01 m):
n =10: 6% (h = 0.005 m), 8% (h = 0.01 m);
n =20: 3% (h = 0.005m), 9% (h = 0.01 m);
n = 30: 3% (h = 0.005 m), 7% (h = 0.01 m);
n =40: 3% (h = 0.005 m), 7% (h = 0.01 m);
2) for the large coil (r = 0.025 m):
o 1n=>50:1% (h =0.0125m), 5% (h = 0.025 m);
o 1n=060:1% (h =0.0125m), 5% (h = 0.025 m);
e n=70:1% (h =0.0125 m), 4% (h = 0.025 m);
(b) in the maximum load power procedure:
3) for the small coil (r = 0.01 m):

n=10: 178 mW (h = 0.005 m), 195 mW (i = 0.01 m);
n =20: 100 mW (1 = 0.005 m), 107 mW (k2 = 0.01 m);
n =30: 77 mW (h = 0.005 m), 80 mW (k = 0.01 m);
n =40: 67 mW (h = 0.005 m), 71 mW (h = 0.01 m);

4) for the large coil (r = 0.025 m):

e n=>50:16 mW (h=0.0125m), 16 mW (h = 0.025 m);
e n=60:15mW (h=0.0125m), 14 mW (h = 0.025 m);
e n=70:13mW (h=0.0125m), 13 mW (h = 0.025 m).

It is well known that coil resistance increases with increasing frequency due to the skin
effect. Choosing the wire diameter smaller than the skin depth could minimize the skin
effect losses. However, this causes an increase in the resistance of the coil and heating of
the wire from which the coil is wound. As a result, the efficiency and power of the receiver
in the WPT system also decrease. The author plans to consider this case in detail in the next
article to assess whether it is better to accept skin effect losses or reduce the wire diameter
to eliminate them.
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