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Abstract. This project deals with Power Semiconduc-
tor Systems PSS for wireless transmission of electricity
to the power of 50 W with regard to the distance and
transmission efficiency. We decided to use electromag-
netic resonance for electrical energy transmission. For
experimental verification, we have wound two coils of
identical dimensions. At a given power transmission
solutions, we obtain the highest efficiency η = 70 % at
a distance of 5 cm, where the transmitted power was
48 W.
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1. Introduction

Wireless transmission of electricity is a vision that cir-
culates in the minds of inventors for over 100 years.
Discovering of magnetic resonance opened the way for
solving the problem of efficiency of electricity transmis-
sion in the near field. Thanks to this phenomenon, it
is possible to transfer a high power capacity at high ef-
ficiency. The result is a prospective solution for many
applications such as consumer electronics, automotive
systems, medical equipment and many more. The aim
of the paper is to design a topology of PSS for wireless
transmission of electricity with the power up to 50 W
with regard to the distance and transmission efficiency.
Analysis of currents of main circuit for the wireless
transfer system, has to help successful implementation
of the task. The choice of the optimal design to achieve
the specified parameters, the simulation of the designed
system and its structure is based on this analysis. The

article consists of several parts. The first is devoted
to analysis and the current state of system solutions
for the wireless transmission of electricity. The second
part of the article describes the design of the main cir-
cuit for the wireless transmission. In the third part
of the paper the simulation model is provided that is
based on an earlier proposal and describes the behavior
of the proposed system. The experimental verification
of the designed solution the aim of which is an efficient
transmission of electricity from the source to the load
without the use of wires is performed in the fourth part
of this work.

2. Applied Type of Coupling
and its Analysis

When the mutual inductance of two coils is low, the re-
ceiver coil induces the low voltage with a low efficiency.
According to Eq. (1) we can see that the low Mvalue
may be compensated by an increase in the angular fre-
quency ω, or by an increase in the I1 amplitude of the
transmitting coil.

up(t) =
dφ

dt
= M

di1(t)

dt
= MωI1 · cos(ωt). (1)

There are two types of power systems for wireless
transmission-direct and indirect power supply (Fig. 1).

At indirect power supply, transmitting and receiving
coil is separated from the source and load to achieve
higher quality factor Q at the transmitting and re-
ceiving part, whereby it is possible to achieve greater
transmission distance. Coils L1 and L2 serve as bind-
ing coils, which transform the impedance of source and
load. Reaching the higher quality factor Q can increase
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Fig. 1: Wireless transmission in direct and indirect power sup-
ply.

transmitted distance. However, the systems are more
sensitive to the choice of parameters such as the in-
ductance and the resonance frequency. Direct type of
power supply indicates from the title that the source is
directly connected to the transmitter section. A choice
of this type of power supply is more suitable for practi-
cal applications because of the simplicity of the design,
customization options, control and low cost. Its disad-
vantage is the reduction of the quality factor Q [1], [2],
[3], [4].

3. Design of the System of
Selected Transmission
Method

The usage of the resonant circuit in the receiver and
transmitter allows transmitting of the highest trans-
mitted capacity at the highest possible distance. For
this type of transmission, it is important to design
a low-loss coils and pairing circuits. Fulfilment of the
given conditions in the design allows achievement of
the best transmission parameters. Topology design is
based on the principle diagram for the resonant wire-
less system for electricity transmitting (Fig. 2).

Fig. 2: Principles schematic of the resonant wireless system.

DC voltage source supplies power amplifier
(DC/AC), which produces rectangular voltage wave-
form. This voltage produces an alternating magnetic
field in a transmission resonant circuit. Receiving

resonant circuit is tuned to the same resonant fre-
quency as the source frequency. Magnetic energy
induces a sinusoidal voltage at the receiving side. The
AC voltage is then rectified in a diode rectifier and
DC voltage is led to the load [5], [6]. Based on the
predicted performance, we set other parameters.

Tab. 1: Other parameters.

Uin 100 V
Pout 50 W
Uout 20 V
Iout 2.5 A
RL 8 Ω
fSW 293 kHz

4. The Coil Design

The coil design is one of the most important factors in
the design of a system for wireless transmission. Impor-
tant parameters such as quality factor Q and mutual
inductance that determine the maximum transmission
efficiency, maximum transmission distance and also the
transmission capacity depends on the parameters of
transmitter/receiver coil. Inductance calculation nor-
mally begins on the so-called pure inductor, when it is
assumed that the solenoid coil is formed of infinitely
thin wire without gaps between conductors (turns of
wire are electrically isolated). The main characteristic
of this coil is that at low frequencies it radiates uniform
magnetic field over the whole length. As far as these
conditions are met, we can write:

Ls =
µπD2N2

4h
, (2)

where µ is the relative permeability of vacuum, D is
the diameter of the coil, N is the number of turns and
h is the length of the coil Fig. 3. Pure inductor is a the-
oretical model, but we can use it after a small modifica-
tion. The modification can be divided into two parts,
frequency-dependent and frequency-independent.

p

h 2a

D

Fig. 3: Layout and dimensions of coil.

At frequency independent modification, coefficient
kL describes the irregularity of the field and is ex-
pressed in Eq. (3) [7], [8], [9], [10], [11].
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kL =
2h

D
·

(ln ( 4Dh )− 1
2

)
·
(

1 + 0.393901 ·
(
h
D

)
+ 0.017108 ·

(
h
D

)4)
1 + 0.258952 ·

(
h
D

)2
+0.093842 ·

(
h
D

)2
+ 0.002029 ·

(
h
D

)4 − 0.000801 ·
(
h
D

)6)
.

(3)

Then, an equation for inductance LS can be written
according to Eq. (2).

LS =
µπD2N2

4h
. (4)

For real coils, it is needed to include the coefficient
kS , which takes into account circular conductor cross-
section and the coefficient km for the mutual induc-
tance between the turns.

ks =
3

2
− ln

(p
a

)
. (5)

km = ln (2π)− 3

2
− ln (N)

6N
− 0.33084236

N

− 1

120N3
+

1

504N5
− 0.0011923

N7
+

0.0005068

N9
.

(6)

L = Ls −
µND

2 (ks + km)
. (7)

Two other parasitic elements: the skin effect and
proximity effect should be taken into consideration at
high frequencies, respectively at frequency dependent
modulation. The so-called internal induction, which
is an imaginary contra equivalent of the skin effect,
rapidly decreases with increasing frequency and is pro-
portional to the length of the conductor, affects the
calculation of the induction coil. The effect of the in-
ternal inductance, however, can be used only for short
coils.

Li =

µ0δi

1− e

{
−
[
a

2δi

]3,8}
1

3,8

4πa
(1− y) l,

(8)

where µ0 is the permeability of vacuum, δi - depth of
penetration, a - the radius of the conductor, l - total
length of the coil conductor.

y =
0.0239(

1 + 1.67 (z0.036 − z−0.72)
2
)4 . (9)

z =
a

2.552δi
. (10)

l =

√
(πND)

2
+ h2. (11)

The final formula to calculate the inductance of coil
with all corrections is as follows:

L = Ls −
µND

2
(ks + km) + Li, (12)

where LS is inductance of the pure inductor, µ0 is vac-
uum permeability, n is number of turns, ks, km are
correction factors and Li is internal coil inductance.
So called Litzwire-high frequency cable is used to sup-
press the negative effects of frequency dependent part
of resistance of a coil conductor in the high frequency
systems. Its task is the suppression of skin effect and
proximity effect [12]. High-frequency cable is made up
of tangled thin insulated wires, the recommended di-
ameter of which is:

d ≤ 2δ, (13)

where d is the conductor diameter and δ it is the depth
of penetration. Litzwire should be used only for fre-
quencies from 50 kHz to 3 MHz. If the two coils have
the same radius, the same number of turns and are
held in the same axis, their mutual inductance can be
determined:

M = µ0
D

2
N2

∫ π

0

cosx√
2 (1− cos (x)) +

(
d

D

)2
dx.

(14)

Based on established parameters and relationships,
the parameters of the being designed coil are calculated
according to Tab. 2.

Tab. 2: Calculated parameters of the designed coil.

Par. Value Unit Describe
D 185 (mm) Coil average
l 60 (mm) Coil length
a 1.5 (mm) Wire average
N 6 (-) Numb. turns
f 300 (kHz) Frequency used in design
p 10 (mm) Pitch
Φ 1.06 (-) Proximity factor
kL 0.442 (-) C. f. inequalities field
ks -1.34 (-) C. f. self ind. Of round wire

km 0.233 (-) C. f. mutual ind.
Of round wire

l 3486 (mm) Physical length of were

dmin <0.36 (mm) Recommended min.
thickness cable wire

NLW 32 (-) Num. of cable for litz-wire
δl 120 (µm) Penetration depth
L 9.34 (µH) Inductance
R 0.062 (Ω) Serial AC resistance
C 1020 (pF) Parasitic capacitance
Q 174 (-) Quality factor
frez 22.652 (MHz) Self res. freq. of coil

For the calculation of the mutual inductance M the
Eq. (12) was used and the results are shown in Tab. 3.

c© 2016 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 42



POWER ENGINEERING AND ELECTRICAL ENGINEERING VOLUME: 14 | NUMBER: 1 | 2016 | MARCH

Tab. 3: Mutual inductance of two symmetrical coils.

Distance (cm) 5 10 15 20 25
M (µ) 3.44 1.465 0.726 0.398 0.237
k (-) 0.368 0.157 0.078 0.043 0.025

Where k is the coupling factor which is calculated
by the following formula:

k =
M√
L1L2

. (15)

5. Calculation of Parameters
and Circuit Elements

For the analysis of topologies, it has been chosen
a suitable test topology with series serial connection
of the compensation capacitor, Fig. 4. Here the choice
of topology determines the further calculations of ele-
ments and circuit parameters.

DC

C1 L1

M

L2 C2

R

Fig. 4: Serial capacitive compensating of capacitor.

The following equation was used for the calculation
of the transformation ratio:

n = AV

Uin
2

Uout
=

Uin
2

Uout
|AV =1 = 2.5. (16)

Transformation ratio between primary and sec-
ondary coil was chosen to 1 to simplify the design
and the desired output voltage has been achieved with
a frequency control [13]. Similarly, this solution is pre-
ferred in light of the coil structure and further design
of the system. Value of compensation capacity C2 of
the secondary side is calculated from equation:

C2 =
1

ω2
0L2

= 31.16 nF. (17)

Next, the value of primary side compensation capac-
ity C1 was calculated:

C1 =
L2C2

L1
= 31.16 nF. (18)

Capacity values are rounded to the next higher
production series C1, C2 = 33 nF. Next, the

efficiency for a given topology at a distance
of 5 cm was calculated, where M = 3.44 µH.

η =
RL

(RL +R2)

(
1 +

R1 (R2 +RL)

ω2M2

) . (19)

Then, the quality factor Q of transmitter (primary
side) and of the receiver (secondary side) may be cal-
culated:

Q1 =
L1RL
ω0M2

= 3.43. (20)

Q2 =
ω0L2

RL
= 2.15. (21)

Calculated values are decisive, but their values are
only theoretical. The main reason is that the calcula-
tion was provided only for the resistance of the coils.
Wire resistance, capacitors resistance and influence of
disturbing elements have been neglected.

6. Time Dependent Analysis

Mutual induction was calculated for five distances
(Tab. 4) and used as a variable parameter. The sim-
ulations were solved for two cases. The first was
the measurement of output voltage, current, and effi-
ciency at a resonant frequency. The second simulation
was aimed at changing the frequency and the achieve-
ment of constant output parameters Vout = 20 V and
Iout = 2.5 A, in order to achieve the desired output
power of 50 W. Voltage and current waveforms at indi-
vidual components are displayed for one selected value
of coils distance (5 cm).

Tab. 4: The simulation results for a constant frequency at
Av = 1 s.

Equivalent circuit K_linear
Distance

(cm)
U
(V)

I
(A)

η
(%)

U
(V)

I
(A)

η
(%)

5 42 4.84 80 46.7 5.5 83
10 33.6 3.95 56 34 4 56
15 27.8 3.26 26 30 3.5 26
20 19.5 2.35 10 18.5 2.1 9
25 12.8 1.42 3 10.8 1.25 3.5

The value of resonance frequency was 286 675 Hz.
From the previous simulation and the voltage trans-
mission characteristics, it is known that a voltage gain
is equal to 1 then. However, the operation mode of
switching transistors at this point is not ideal and the
suitable operating mode of switching at zero voltage
(ZVS) is above the resonant frequency.

For best results, the range from 286 kHz to 296 kHz
was chosen, which is close to the resonant frequency
and for the nine values the parametric simulation was
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Fig. 5: Dependence of efficiency on the distance to the constant
frequency.
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Fig. 6: Dependence of secondary voltage on the distance to the
constant frequency.

performed from which the most suitable frequency was
determined in terms of efficiency. It was 290 kHz. Max-
imum efficiency was 83 % for the simulation model
using K_linear block. The difference between using
a transformer equivalent circuit and K_linear block is
minimal, so the results can be considered correct. The
voltage and current waveforms at each component are
displayed for 5 cm value.

Fig. 7: The time waveforms of the voltage Uds and current Id
of transistor T1 for 5 cm.

Tab. 5: Simulation results for the constant Uout and Iout.

ZVS ZCS
Distance (cm) η (%) f (Hz) η (%) f (Hz)

5 73 326250 30.5 196078
10 53 305510 26 229357
15 26 294117 11.5 251889
20 8.7 289885 5.2 265252
25 3 287356 2.5 277777

Fig. 8: The time waveforms of the voltage at resonant elements
of transmitting side for 5 cm distance.

Fig. 9: The time waveforms of the voltage and current at the
load without a rectifier bridge for 5 cm distance.

5 10 15 20 25
0

20

40

60

80
η  = f(D) 

D (cm)

η 
 (

%
)

 

 

ZVS
ZCS

Fig. 10: Dependence of the effectiveness on the distance for con-
stant Uout and Iout.
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Fig. 11: Dependence of Tws change on the distance for constant
Uout and Iout.
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As the transformation ratio of coils was 1:1, the
change in the output voltage and current was ensured
with the change in switching frequency. The Tab. 5
shows that zero voltage switching (ZVS) is more pre-
ferred in terms of efficiency than switching at zero cur-
rent. From the measured values it is confirmed that
the system is more sensitive to changes of frequency at
a longer distance. The chart of frequency dependence
on the distance (Fig. 10) shows that with the increasing
distance it is necessary to approach to the resonance
frequency to obtain a sufficient gain.

7. Experimental Verification
on Physical Model

We have created a physical model to verify the correct-
ness of the designed solutions on the basis of theoretical
analysis and simulation analysis in the previous chap-
ters. Design of physical model is based on several parts:
on the choice of topology from theoretical documents,
on the type of circuit power supply, on choice of switch-
ing transistors, suitable capacitors, on construction of
transmitter and receiver coils. The whole system is di-
vided according to the block diagram Fig. 7, which was
created in the theoretical design of the system. A half
bridge connection of transistors is used as a DC/AC in-
verter similarly to simulation model. For this purpose,
the wiring on the universal board for a half bridge cir-
cuit was used. Transistors FDPF17N60NT are used for
switching. Their selection has been made on the ba-
sis of simulation analysis, from which we see that the
transistors current Id at lower distances is 8 A and it is
growing with increasing distance. The transistors are
suitable for the maximum allowable voltage.

Tab. 6: Basic parameters.

Id 17 A
Uds 600 V

Rds(on) 340 mΩ

The physical model was powered by a DC system
source Agilent N5771A. During the design, it was con-
sidered a production series of capacitors MKP or MKT
having low ESR values. As in the simulations, in the
experimental physical model 33 nF value was used for
the transmitter and the receiver side too. To reduce
the voltage and current load, the capacitor of trans-
mitting (primary) side was made up of series parallel
capacitors Fig. 12.

For the proposed system, two identical coils
were made, the dimensions of which can be found
in Section 5. The coil design. Wire of coil is
formed of 32 tangled thin insulated wires with a diam-
eter of 0.18 mm. A non-conductive material (extruded
polystyrene) was used as a frame of coil. The calculated

inductance value in the design of coil at the designed
frequency of 100 kHz was L = 9.34 µH and its quality
factor Q = 94.7. The RLC meter was used to verify
the design. Following parameters were measured at the
100 kHz. L1 = 9.57 µH, Q1 = 69 and L2 = 9.12 µH,
Q2 = 59. The resulting values are influenced mainly
by certain construction elements such as cable lengths,
the tendency of individual turns, and by the fact that
the resulting coil is not a perfect circle. However, the
goal was achieved and the difference between the cal-
culated and measured inductance is within a standard.

Fig. 12: View of the series-parallel connection of capacitors -
33 nF.

Fig. 13: View on a designed coil.

The output rectifier was connected as bridge
rectifier. It was designed from Schottky diodes
STPS10H100CT due to the high working frequencies.
Used load had only resistive character. It was built of
four non-inductive resistors connected in parallel and
its resulting value was 8.25 Ω.
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8. Measurements on Physical
Model

Created physical model for the wireless transmission of
electrical energy has been subjected to measurement.
Time courses were recorded on an oscilloscope Tek-
tronix TDS 3024B that allows the storage of scanned
waveform in the data file. The current probe Tektronix
TCP A306 and the differential voltage probe HZ100
HAMEG were applied for taking the time waveforms
of voltage and current on the load. The resulting wave-
forms were processed in a spreadsheet program and
graphically displayed. The resulting measured values
of voltage and current on the load were truncated for
one period for graphical representation. The resulting
graph was interpolated by trend line formed with the
polynomial of the sixth degree because of variability
and large amounts of data. The equation of the trend
line is shown in the Fig. 14 where yU is an equation
for voltage and yI is an equation for current. For each
measurement input, output power and efficiency were
then calculated. An example calculation is measuring
for distance 5 cm between the coils.

Fig. 14: Dependence of output voltage and output current for
a distance of 5 cm at constant switching frequency.

Tab. 7: Measurement at a distance of 5 cm.

Uin

(V)
Pin

(W)
IM
(A)

ϕ
()

Iin
(A)

UM

(V)
T

(µs)
η
()

99.9 67.93 3.43 0 0.68 27.92 3.4388

Pout =
1

T

∫ T

0

UM sin(ωt) · Im sin (ωt+ ϕ) dt. (22)

Pout =
1

3.4388 · 10−6

·
∫ T

0

27.92 · sin (2π · 290799 · t)

·3.43 · sin (2π · 290799 · t) = 4.

(23)

η =
Pout
Pin

=
47.88

67.93
= 0.705. (24)

Tab. 8: Measurement at a distance of 10 - 20 cm.

Measurement at a distance of 10 cm
Uin

(V)
Pin

(W)
IM
(A)

ϕ
()

Iin
(A)

UM

(V)
T

(µs)
η
()

99.9 63.94 1.83 13.49 0.64 14.74 3.43 0.21
Measurement at a distance of 15 cm
Uin

(V)
Pin

(W)
IM
(A)

ϕ
()

Iin
(A)

UM

(V)
T

(µs)
η
()

99.9 62.94 1.05 4.22 0.63 8.04 3.43 0.08
Measurement at a distance of 20 cm
Uin

(V)
Pin

(W)
IM
(A)

ϕ
()

Iin
(A)

UM

(V)
T

(µs)
η
()

99.9 62.94 0.63 1.51 0.63 4.8 3.43 0.02

9. Conclusions

Design of systems for wireless transmission is currently
promising area of research and development, in respect
of the wide range of applications where it is possible to
use this technology. For the design and construction
today there is still no strict procedure for achieving
the desired resultant parameters, therefore solving of
the given issue is not uniform, however, it is based on
the phenomenon of magnetic resonance.

In this paper we have set a target to design the PSS
topology for wireless transmission of electricity with
power up to 50 W. In the process solutions, we divided
the work into three parts - theoretical, theoretical-
practical and practical. In them, we focused on impor-
tant individual design analysis. In the theoretical part
we went into the history of wireless transmission and we
described the various options of wireless transmission
of electricity. From this initial theoretical analysis, we
decided for transmission by means of electromagnetic
resonance. Explanation of important factors that en-
ter into this type of transmission and influence it was
a continuation of theoretical analysis.

Theoretical-practical part was used for summarizing
of possible solutions and for choosing of the appropriate
system topology for wireless transmission. We have
created a block diagram of the circuit and in the same
part we have made the design of system and design
of the coil. In the practical part we have created the
simulation model first, which we used to predict the
behavior of the designed system. It also gave us the
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results that we then compared with measurements on
a physical model.

We have spooled two coils with identical dimensions
for the experimental verification of the system. Com-
pared to the theoretical calculation, deviation of their
inductance was 3 %, but the quality factor was lower
than 38 %. We have then created an experimental
wiring according to the simulation model and we per-
formed measurements for four distances. The highest
achieved efficiency of 70 % was for 5 cm distance and
the transmitted power was 48 W. We have met the
main aim of this paper We have designed PSS topol-
ogy for wireless transmission of electric energy with
power up to 50 W and we have experimentally verified
the solution’s correctness. Based on the knowledge ob-
tained during paper solutions we have written some
recommendations for further development of the sys-
tem design for wireless transmission of electric energy.
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