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ABSTRACT

Wireless power transfer (WPT) continues to be popular in today’s world because it is used in situations where the use of cables is difficult, dangerous, or restrictive. 
In WPT, electrical energy is transmitted over the air by magnetic connections instead of cables. In this paper, WPT system designs were made with 10 kHz and 20 kHz 
operating frequencies, 3.3 kW output power, and 50 cm × 50 cm size. The effects of the frequency on the WPT system were analyzed with the designs made for two 
separate frequencies. The WPT circuits were established in the MATLAB/Simulink program. The coil design of the WPT systems was made in ANSYS® Maxwell 3D. The 
critical air gap values of the 10 kHz and 20 kHz designs were determined as 15 cm and 17 cm, respectively. In this study, the efficiency of the WPT system was obtained 
as 88.79% at 15 cm air gap for 10 kHz and 92.74% at 17 cm air gap for 20 kHz. Wireless power transfer systems in different frequency bands at the same power were 
compared in terms of efficiency, loss, cost, and electromagnetic field distribution. In addition, the effects of WPT systems on human health were examined according 
to IEEE and ICNIRP standards.
Index Terms—Human health effects, magnetic resonance coupling, wireless power transfer
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I. INTRODUCTION

The wireless power transfer (WPT) has been studied since the 1890s and it has not lost its impor-
tance since then. Nicola Tesla has shown that resonance must be used so that energy can be 
transferred wirelessly efficiently. The transmission of energy via cable has several disadvantages. 
Cable pollution occurs due to the increasing use of electrical devices. Underwater energy trans-
fers, made through cables, can be dangerous. The simplicity and reliability of the WPT offer a very 
good solution to avoid these problems. Nowadays, the WPT can be used in electric vehicles [1-3], 
biomedical devices [4], mobile phones, unmanned aerial vehicles, and many more applications.

The WPT can be done in various ways. These are electromagnetic radiation, microwave, laser, 
capacitive coupling, inductive coupling, and magnetic resonance coupling methods. The WPT 
with electromagnetic radiation [5] in the 1900s and microwave [6] in the 1950s were attempted, 
but due to the low efficiency, it could not become widespread for many years. The widespread 
use of WPT systems started with the inductive coupling method. Thanks to the inductive cou-
pling method, better efficiency can be obtained in the low-frequency range and short distances 
compared to other methods [7]. Nowadays, magnetic resonance coupling is the most commonly 
used theory in WPT systems [8]. This theory was first started by lighting a 60-W lamp from a dis-
tance of 2 m without using a cable [9].

Recently, the WPT designs for electric vehicles have taken an important place in the literature [1]. 
Wireless energy transfer in electric vehicles is developing in many different areas such as different 
core geometry designs [3], effects on human health [2], and distance extension studies by using 
additional coil structures [10].

The effect of air gap on efficiency in magnetic resonance coupling circuit was examined by using 
the Neumann formula. Optimum characteristic impedances were calculated for different air gaps, 
and according to these values, it was explained by the equations that the system had a high- 
efficiency double or single resonance frequency [11]. The effects of load impedance on resonance 
frequency bifurcation and determination of optimum load impedance have been studied [12].  
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In order to keep the efficiency high at the resonant frequency, the 
effect of the series capacitance value on the input impedance was 
analyzed [13]. In another study to increase the efficiency of the WPT 
system, the optimal duty cycle was determined by changing the 
inverter duty cycle [14].

In this study, WPT system designs operating in two different frequency 
bands with the same power and dimensions for wireless charging of 
electric vehicles were made, and the effects of frequency on the WPT 
system were examined by comparing the two designs. The designed 
WPT system has 3.3 kW output power, 50 cm × 50 cm size, and 10 kHz 
and 20 kHz operating frequency. The WPT system is designed with 
Series-Series (SS) circuit topology using the magnetic resonance 
coupling method. The effects of frequency on efficiency, air gap, 
coil design, and internal resistance were analyzed for WPT systems 
with two different frequencies. In addition, the mutual inductance 
variation was observed according to different air gaps of both 10 kHz 
and 20 kHz WPT systems. In the WPT circuit, the inductance values 
of the receiver and transmitter coil and the capacitance values were 
obtained by analytical equations. Analytical solution of the circuits 
was done in MATLAB program, and Finite Element Method (FEM)-
based co-simulation was made in ANSYS® Simplorer program. The 
coil design of the WPT systems was made using the ANSYS® Maxwell 
3D program. The effects of the WPT design on human health were 
analyzed according to IEEE and ICNIRP standards using the ANSYS 
High Frequency Simulation Software (HFSS) program.

II. MAGNETIC RESONANCE COUPLING

In electrical circuits, an energy oscillation occurs between a capacitor 
and an inductance connected to each other at a resonant frequency. 
In the WPT system using magnetic resonance coupling theory, the 
energy flow from the transmitter to the receiver is maximum at the 
resonant frequency. The magnetic resonance coupling circuit using 
SS topology is shown in Fig. 1.

In the equivalent circuit, I1 and l2 stand for input current (transmit-
ter current) and output current (receiver current). V1 is the sinusoidal 
voltage source of the transmitter circuit. R1 and R2 represent trans-
mitter and receiver inner resistance, respectively. RL is the load resis-
tance. L1, L2, and Lm are transmitter inductance, receiver inductance, 
and mutual inductance, respectively. C1 and C2 show the transmitter 

and receiver resonant capacitors, respectively. The natural angular 
resonance frequency of the resonator is given in (1) and the quality 
factor is given in (2):
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The relationship between the coupling factor (k) and the mutual 
inductance is given in (3):
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The equivalent impedance is given in (6). The efficiency was obtained 
as in (7) [15]:
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ZEq is the equivalent impedance, ω is the angular velocity, and η is the 
efficiency. Critical mutual inductance is the minimum mutual induc-
tance value at which the WPT system can operate with maximum 
efficiency and its value is calculated by (8). If the mutual inductance 
is below the critical mutual inductance as in (9), the efficiency of the 
WPT system is below the maximum efficiency and the efficiency 
drops drastically as the mutual inductance decreases. As in (10), if 
the mutual inductance is above the critical mutual inductance, the 
WPT system is in the maximum efficient operating region, but bifur-
cation occurs at the resonance frequencies:
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III. WIRELESS POWER TRANSFER SYSTEM DESIGN

In this WPT design, the operating frequencies were determined as 10 
and 20 kHz, and the working size was determined as 50 cm × 50 cm. 
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Fig. 1. Magnetic resonance coupling circuit using series-series 
topology.
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The analytical solution of the WPT circuit is made in the MATLAB pro-
gram. The quality factor (Q) is approximately 100, the internal resis-
tance of a coil is 0.206 Ω for 10 kHz and 0.14 Ω for 20 kHz. Equation 
(11) gives the self-inductance value according to the quality factor of 
the resonator, natural resonance frequency, and internal resistance 
by (2):

L Q
R

f
� �

2�
 (11)

The inductance value was found to be L10kHz = 397 µH for 10 kHz and 
L20kHz = 198.94 µH for 20 kHz from (11). Capacitor value depending on 
the inductance value and the angular frequency was obtained as per 
(12) by using (1):

C
L

� �
1 2�  (12)

The resonance capacitors are C10kHz = 636 nF for 10 kHz and C20kHz = 
319.85 nF for 20 kHz. The load resistance is taken as 5 Ω. Calculations 
were made by creating two different statuses for the coupling coef-
ficient 0.1 and 0.5. The resonance frequency, quality factor, mutual 
inductance, and maximum efficiency of the states were calculated sep-
arately. The variation of efficiency and equivalent impedance accord-
ing to frequency for coupling factors 0.1 and 0.5 is shown in Fig. 2.

In WPT systems with SS topology, equivalent impedance is mini-
mum and efficiency is maximum at resonance frequencies as seen in 
Fig. 2. In Fig. 2a, it is seen that (9) is provided for k = 0.1 and a single 

resonance frequency situation occurs. In Fig. 2b, it is seen that equa-
tion (10) is provided for k = 0.5 and a three resonance frequency situ-
ation occurs. In the case of frequency bifurcation, the lowest resonant 
frequency is preferred to reduce the skin effect and proximity effect 
on AC resistance. At the 10 kHz WPT design, the lowest resonance fre-
quency is 8400 Hz and the equivalent impedance is 5 Ω. At the 20 kHz 
WPT design, the lowest resonance frequency is 16 700 Hz and the 
equivalent impedance is 4.94 Ω. At the resonant frequency, the equiv-
alent impedance is minimum and efficiency is maximum. However, 
the equivalent impedance at the second resonance frequency is 
higher than the first resonance and third resonance frequency. In the 
case of (10), the equivalent impedance value of the second resonant 
frequency gets larger as the air gap decreases, and accordingly the 
power drawn from the input decreases. Therefore, it is not preferred 
to work at the second resonance frequency in WPT systems with SS 
topology. The circuit is set up in MATLAB/Simulink as in Fig. 3.

Output power (P2) is fixed at 3.3 kW by adjusting the input voltage 
(V1) for k = 0.1 and k = 0.5. The MATLAB/Simulink results for 10 kHz 
and 20 kHz are given in Table I. The top and side view of spiral induc-
tance is shown in Fig. 4.

The self-inductance of the spiral coil was calculated using (13) and (14):
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Fig. 2. Efficiency–frequency and equivalent impedance–frequency graph for 10 kHz and 20 kHz design (a) k = 0.1 and (b) k = 0.5.
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N is the number of turns, Di is the inner diameter of the coil, Do is the 
outer diameter of the coil, S is the spacing between the turns, and W 
is the diameter of the cable. Coil parameters for 10 kHz and 20 kHz 
designs are given in Table II.

IV. WIRELESS POWER TRANSFER SIMULATIONS

In this study, ANSYS software, a FEM-based simulation program, was 
used to design the coils and examine the magnetic field scattering 
and electrical field distribution.

Fig. 3. Wireless power transfer circuit in MATLAB/Simulink.

TABLE I. MATLAB/SIMULINK RESULTS FOR 10 KHZ AND 20 KHZ

10 kHz 20 kHz

k = 0.1 k = 0.5 k = 0.1 k =0.5

Lm = 39.7 µH fr = 10350 Hz Lm = 199 µH fr = 8400 Hz Lm = 19.89 µH fr = 20035 Hz Lm = 99.5 µH fr = 16700 Hz

ZEq = 2 Ω η = 81% ZEq = 5 Ω η = 89.19 % ZEq = 1.43 Ω η = 86 % ZEq = 4.94 Ω η = 94.64%

V1 = 119 V V2 =181 V V1 = 168 V V2 = 181 V V1 = 96 V V2 = 128.7 V V1 = 113.1 V V2 = 132.5 V

I1 = 76.03 A I2 = 36.32 A I1 = 35.5 A I2 = 36 A I1 = 53.19 A I2 = 25.73 A I1 = 25.55 A I2 = 26.49 A

P1 = 4100 W P2 = 3300 W P1 = 3700 W P2 = 3300 W P1 = 3840 W P2 = 3320 W P1 = 3508 W P2 = 3320 W

VC1 = 1850 V VC2 = 860 V VC1 = 1050 V VC2 =1050 V VC1 = 1322.3 V VC2 = 642.1 V VC1 = 767.2 V VC2 = 760.8 V

fr is the resonant frequency, V2 is the output voltage, P1 is the input power, and η is the efficiency. VC1 and VC2 are the voltages of the resonant capacitors in the circuit at 
the transmitter and receiver, respectively.

Fig. 4. Top and side view of spiral inductance.
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A. Coil Design
The transmitter and receiver coils are designed separately for the 10 
kHz and 20 kHz systems. The outer diameters of the coils designed 
for 10 kHz and 20 kHz are the same and 50 cm. The inner diame-
ters of the coils designed for 10 kHz and 20 kHz are 36.7 and 40.9, 
respectively. The designed coils are shown in Fig. 5(a) for 10 kHz and 
Fig. 5(b) for 20 kHz.

The variation of the self and mutual inductance value depending on 
the air gap of the WPT systems with 10 kHz and 20 kHz operating 
frequencies is shown in Figure 6.

Using (8), it was found that Lmcritical10 = 77.07 µH for 10 kHz and 
Lmcritical20 = 39.79 µH for 20 kHz. Fig. 6 shows that the critical air gap is 
15 cm for 10 kHz and 17 cm for 20 kHz. The variation of the coupling 
coefficient according to the air gap of the WPT system is shown in 
Fig. 7.

In the 10 kHz WPT design, the air gaps for k = 0.1 and k = 0.5 were 
found to be 23.5 cm and 5.1 cm, respectively. In the 20 kHz WPT 
design, the air gaps for k = 0.1 and k = 0.5 were found to be 27 cm 
and 6.45 cm, respectively. At the same air gap values, it can be seen 
in Fig. 7 that the 20 kHz frequency design has a higher coupling coef-
ficient than the 10 kHz design.

B. Co-Simulation
The equivalent circuit of the WPT system is built on the ANSYS 
Simplorer interface. Coils are designed in Maxwell 3D interface. The 
analysis of the WPT system was made by co-simulation of these two 
programs. The efficiency of the WPT systems, input power, and out-
put power was observed. The co-simulation circuit of the WPT sys-
tem installed in ANSYS Simplorer is shown in Fig. 8.

The input and output powers of the WPT system at 15 cm air gap for 
10 kHz and 20 kHz designs are shown in Fig. 9.

As a result of co-simulation of the WPT circuit, the average power 
at the input and output of the system was found. The efficiency of 
the WPT system was 88.79% for 10 kHz and 92.74% for 20 kHz at 
15 cm air gap. The variation of efficiency with frequency for coupling 

TABLE II. COIL DESIGN PARAMETERS

Frequency 10 kHz 20 kHz

Coil outer diameter 50 cm 50 cm

Coil inner diameter 367 mm 409 mm

Number of turns 23 15

Wire diameter 1.8 mm 1.8 mm

Spacing between turns 1 mm 1 mm

Wire length 31.171 m 21.25 m

Inductance 398.107 µH 198.78 µH

Wire resistance 0.206 Ω 0.14 Ω

Fig. 5. Coil designs (a) 10 kHz and (b) 20 kHz.

Fig. 6. Self and mutual inductance according to air gap for 10 kHz and 20 kHz wireless power transfer system.
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factors 0.1 and 0.5 is given in Fig. 10 by using Simplorer’s AC analysis 
interface.

It is seen from Fig. 2 and Fig. 10 that the efficiency–frequency results 
obtained from the MATLAB program using the analytical circuit 
equations and the ANSYS Simplorer program using the FEM method 
are compatible with each other.

V. HUMAN HEALTH EFFECTS

Like all electronic devices, WPT systems generate electric and 
magnetic fields around them. In inductive coupling and magnetic 
resonance coupling theory-based WPT systems, the electric and 
magnetic field values between the receiver and the transmitter coil 
are high. When one moves away from the receiver and transmitter 
coil, the electric and magnetic field values decrease. Electrical field, 
magnetic field, and magnetic flux density reference values need to 
be known in order to determine which areas or distances in the WPT 
system are harmless for human health. Electric and magnetic field 
exposure standards of ICNIRP [16] and IEEE [17] were taken as a refer-
ence to determine the safe operating zones of the WPT system. Safe 
working area limits according to ICNIRP and IEEE standards for 10 
kHz and 20 kHz are given in Table III [16,17].

The magnetic flux density and the electric field generated by the 
transmitter and receiver coils for the 10 kHz and 20 kHz designs are 
shown in Fig. 11.

For 10 kHz and 20 kHz, WPT designs at 15 cm air gap, the mag-
netic flux density and magnetic field change from the center of the 

Fig. 7. Coupling coefficient according to air gap of wireless power transfer systems for 10 kHz and 20 kHz.
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Fig. 9. Input and output power for (a) 10 kHz and (b) 20 kHz.
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coil to the outside of the coil (in the horizontal axis) are shown in 
Fig. 12.

Boundaries of safe areas suitable for public and occupational expo-
sure have been determined in Fig. 12. Safe area limits for public 

exposure start after 59.9 cm and 47.6 cm from the coil for the 10 kHz 
and 20 kHz designs, respectively. Safe area limits for occupational 
exposure start after 28.7 cm and 20 cm from the coil for the 10 kHz 
and 20 kHz designs, respectively. A female body, a male body, and 
a male arm were used to examine the effect of the WPT system on 

Fig. 10. Efficiency–frequency graph for (a) k = 0.1 and (b) k = 0.5.

TABLE III. SAFE AREA BOUNDARIES ACCORDING TO ICNIRP AND IEEE STANDARDS [16,17]

Standards Electric Field Magnetic Field Magnetic Flux Density

IEEE Persons in unrestricted 
environments

Persons in restricted 
environments

Persons in unrestricted 
environments

Persons in restricted 
environments

Persons in unrestricted 
environments 

Persons in unrestricted 
environments

IEEE (head 
and torso)

1842 V/m 614 V/m 163 A/m 490 A/m 205 µT 615 µT

IEEE (limbs) 1842 V/m 614 V/m 900 A/m 900 A/m 1130 µT 1130 µT

ICNIRP Occupational exposure Public exposure Occupational exposure Public exposure Occupational exposure Public exposure

170 V/m 83 V/m 80 A/m 21 A/m 100 µT 27 µT

Fig. 11. (a) 10 kHz magnetic flux density, (b) 10 kHz electric field, (c) 20 kHz magnetic flux density and (d) 20 kHz electric field graph.
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human limbs. In the simulation made on the HFSS interface, the 
exposed electric field and magnetic field were examined. The female 
body was placed 25 cm away from the WPT system, the male body 
was placed right next to the WPT system, and the male arm was 
placed between the receiver and transmitter coil. For 10 kHz and 
20 kHz WPT systems, the magnetic field and electric field to which 
the human limbs are exposed are given in Fig. 13.

In Fig. 13, it is seen that the magnetic field in the male arm placed 
between the receiver and the transmitter was above the ICNIRP and 

IEEE standards. In the male body, present right next to the WPT sys-
tem, the magnetic field exposure of the right leg was above ICNIRP 
and IEEE standards. However, the magnetic field exposure of the left 
leg was below these standards. The female body, which was 25 cm 
away from the WPT system, was in a safe area according to ICNIRP 
and IEEE standards. It is seen in Fig. 12 and Fig. 13 that the magnetic 
field emitted by the 20 kHz design is less than the 10 kHz design. In 
Fig. 12 and Fig. 13, the magnetic field emitted by the 20 kHz design 
is less than the 10 kHz design because 20 kHz design has less induc-
tance and less number of turns than 10 kHz design.

Fig. 12. (a) Magnetic flux density and (b) magnetic field from the coil center to the outside of the coil (on the horizontal axis).

Fig. 13. Exposure graph of limbs (a) 10 kHz magnetic field, (b) 10 kHz electric field, (c) 20 kHz magnetic field, and (d) 20 kHz electric field.
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VI. RESULT AND DISCUSSION

In WPT systems, there is no physical connection between the 
receiver and transmitter. Wireless power transfer systems elimi-
nate cable pollution and problems. In this study, two separate 
WPT systems with an operating frequency of 10 kHz and 20 kHz 
were designed and compared with each other. The WPT circuit 
with SS topology was built on MATLAB/Simulink program. Coils 
were designed using the FEM method with the help of ANSYS® 
Maxwell 3D program. The change of self-inductance, mutual 
inductance, and coupling coefficient of the receiver and trans-
mitter coils according to the air gap was observed. In WPT sys-
tems, the connection factor decreases as the air gap between the 
receiver and transmitter increases. In two designs with the same 
dimensions, it was observed that the connection factor values 
of the 20 kHz design at different air gaps were higher than the 
10 kHz design. It was observed that the efficiency remained con-
stant until the critical air gap with the decrease of the coupling 
coefficient, and after passing the critical air gap, the efficiency 
decreased due to decreasing coupling coefficient. The critical air 
gap for the 20 kHz and 10 kHz designs was found to be 17 cm and 
15 cm, respectively. In the 15 cm air gap, the 10 kHz and 20 kHz 
designs transferred 3.3 kW of power to output with 88.79% and 
92.74% efficiency, respectively. It has also been observed that the 
designs can transfer energy with higher efficiency in higher air 
gaps as the natural resonance frequencies increase.

In which regions the magnetic field emitted by the coils is safe and 
unsafe for human health has been determined according to IEEE and 
ICNIRP standards. In this study, it has been observed that scattering 
can pose a danger to human health when one is between or very 
close to the receiver and transmitter coil. When one moves away from 
the coils as much as approximately the coil diameter, a safe area for 
public exposure is reached in 20 kHz systems. On the other hand, in 
10 kHz systems, it is necessary to move further away from the bound-
aries of the 20 kHz system for a safe area. In this case, it is shown that 
WPT systems need living and object detection systems to shut down 
the system when a living being or an object is between or near the 
receiver and transmitter. In addition, it has been observed that the 
magnetic field created by the 20 kHz design is less than the 10 kHz 
design. High-frequency designs have lower inductance values, lower 
number of turns, and correspondingly lower magnetic flux density.
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