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A WIRELESS POWER TRANSFER SYSTEM DESIGN USING
TRANSMITTER LARGER THAN RECEIVER FOR MOBILE PHONES
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In a world where technology grows rapidly, electrical energy is of vital importance. In the recent future, the wireless transmission of
electrical energy is expected to play a vital role in our lives. This paper investigated a Wireless Power Transfer (WPT) system with a
transmitter size larger than the receiver size. Magnetic resonance coupling was used as the WPT system. Wireless charging of
mobile phones was realized with a large transmitter coil and a small receiver coil placed on the back of the mobile phone. In this
study, the WPT system was designed for a frequency of 1 MHz and a power of 5 W. As a result of the calculations and simulations
made for the WPT system, an efficiency of 97 % was obtained in a 10 mm air gap. Analyzes were made according to the different
receiver and transmitter coil sizes and air gaps. The optimal coil size has been determined. Air gap and misalignment limits are
determined for optimal coil size. The analytical calculations and modeling of the design are made for the best efficiency and the
most suitable receiver and transmitter coil design in Serial-Series (SS) topology. Wireless phone charging design was carried out
using various programs. In addition, the effects of the design on human health were examined.

1. INTRODUCTION

For centuries, the use of cables in energy transmission has
caused serious problems such as cable complexity, visual
pollution, limited movement area, water resistance, and cost.
In 1891, as an alternative to the cables, Nikola Tesla
introduced the idea of wireless energy transmission [1]. Ever
Since Tesla, scientists have used various methods such as
microwave [2], laser [3], inductive coupling [4], and
capacitive coupling [5] as the means of WPT over long
distances. Among these methods, Magnetic Resonance
Coupling (MRC) is currently deemed the most efficient and
commonly used method in the literature. MRC first started in
2007 when it succeeded in lighting a 60 W lamp with
wireless energy transfer at 40 % efficiency [6], creating an
excellent foundation for the development of the WPT.
Nowadays, energy can be transferred with more than 95 %
efficiency in the WPT.

In the WPT systems, there is no physical connection
element between the source and the load. In magnetic
resonance coupling and inductive coupling, energy is
transferred between the receiving and transmitting coils
through a magnetic field. In magnetic resonance coupled
WPT systems, the receiver and transmitter must oscillate at
a suitable resonance frequency to transfer the energy
transfer with maximum efficiency. It has been shown by
Tesla that magnetic resonance directly affects the efficiency
of power transfer [1]. The operation of the WPT system in
different air gaps also creates a variability of efficiency.
Neuman's formula was used to show the relationship
between air gap change and efficiency [7]. In addition, in
another study, the efficiency equation of the WPT system is
obtained with the S parameter, and the algorithm that
calculates the s parameter is presented [8]. WPT devices
should be designed by considering features such as desired
power, efficiency, and usage area. For WPT systems that
operate in a high air gap, the transmitter and receiver coil
should be designed in a large size [9]. Designing the
receiver coil of mobile devices should be kept smaller than
the mobile device so that it does not adversely affect daily
use. High frequencies should be preferred for better energy
transmission due to dimensions [10]. The rectangular
structure of the mobile phones and the magnetic flux being

concentrated at the corner points of the coil create some
difficulties in coil design, causing yield loss. To prevent
these losses, the coil design should be oval [11]. Designing
the receiver size slightly lower than the transmitter size for
high misalignment tolerance is important not only for
circular spiral coils but also for hexagonal [12], square [13],
and DD structures [14].

In this study, SS compensated WPT system operating
with high efficiency up to 13.2 mm air gap at 5 W power
was designed for mobile phones. The appropriate design
parameters for the WPT system were determined, and
mathematical calculations were made to obtain the highest
efficiency. As a result of the calculated values, the coil
design of the circuit was made. The equivalent circuit of the
magnetic resonance coupling system was established, and
simulations were carried out using MATLAB/Simulink and
ANSYS Maxwell package programs. In addition, the
exposure limits specified by the guidelines and standards
for protecting human health were compared with the
simulation results.

2. WPT SYSTEM WITH MAGNETIC RESONANCE
COUPLING

In this section, the theory of the WPT system over simple
equivalent circuits is explained. The basic series RLC
circuit is shown in Fig 1.
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Fig. 1 — Basic series RLC circuit.

In this circuit, C is the capacitance of the capacitor, L is
the inductance of the coil, R is the internal resistance of the
circuit; f is the frequency of the ax voltage source, and V is
the voltage of the ac source. In the series RLC circuit, the
frequency at which the inductive reactance of the inductor
equals the capacitive reactance of the capacitor is the
resonant frequency. Using eq. (1), the resonant frequency of
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the equivalent circuit is found.
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The capacitance of the resonant capacitor, depending on the
operating frequency and the inductance value, is found by:
C=—y. @
L(an )
The quality factor of the circuit is as in
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The inductance value of the circuit, depending on the
operating frequency, quality factor, and internal resistance
values, is found by eq. (4).
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If two of the resonator circuits in Fig. 1 are placed opposite
to each other with a certain air gap, the magnetic connection

occurs between the transmitter and receiver coils.
Consequently, the resonator circuit in Fig. 2 is formed.
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Fig. 2 — Magnetic resonance coupling circuit.

V1 is the input voltage of the WPT system. Respectively,
C. and C, are the transmitter and receiver resonance
capacitors, Ln is the mutual inductance, L; and L, are the
transmitter and receiver coils inductances, Zo is the output
load, R; and R; are the receiver and transmitter coil’s internal
resistance, respectively. The efficiency of the WPT system
varies according to the resonators and the coupling factor (k)
between them. The mutual inductance between opposing

coils is calculated by:
Ln=kyLuLs . (5)

The ratio between output and input current is as in [15]:
Iy jolLy,
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+Zy+Ry

I .
1 j(oL2+jmC2

The equivalent impedance (Zgq) of the WPT system is
given by [9, 15]:
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The efficiency of the WPT system is calculated by [9, 15]:
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In the WPT system, three or one resonance frequency
occurs depending on the mutual inductance, load resistance,
internal resistance, and natural angular frequency. If the

circuit parameters of the WPT system satisfy the condition
of eq. (10), in other words, if the air gap between the
receiver and the transmitter is lower than the critical air
gap, the system has three resonance frequencies. In the
cases of eq. (11) where the air gap is higher than the critical
air gap, the system has a single resonance frequency. This
resonance frequency is equal to the natural frequency. The
critical mutual inductance (Lmeritica) at which frequency
bifurcation begins is calculated by [7]:
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In WPT systems, the resonance frequency starts to
bifurcate when it is above the critical mutual inductance
value. However, it is desired to keep the system working
above this value because the efficiency will be at its
maximum. If the system is below the critical mutual
inductance value, the efficiency will start to decrease as the
mutual inductance decreases.

3. COIL DESIGN AND EQUIVALENT CIRCUIT
SIMULATION RESULTS

3.1. SPIRAL COIL DESIGN

In this study, different-sized transmitter and receiver
coils were designed for the WPT system. Since the size of
the receiver coil is limited by the space of the mobile
phone, it is designed to be 5 cm in diameter, and the size of
the transmitter coil is 7.5 cm in diameter. The top and side
view of spiral inductance is given in Fig. 3.
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Fig. 3 —a) Top; b) side view of spiral inductance.

The inductance of the spiral coil is determined by [16]

2,2
__NA (12)
30A-11D,
A— D +N(W+S) , (13)
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where W is the diameter of the wire, S is the distance
between two wires, and N is the number of turns.
Respectively, Do and D, are the outer and inner diameters of
spiral coils. Receiver and transmitter coils are designed by
eq. (13). The parameters of the receiver and transmitter coil
are given in Table 1.
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Table 1
Receiver and transmitter coil parameters
Coil location Receiver Transmitter
Outer diameter 50 mm 75 mm
Inner diameter 29 mm 60 mm

Number of turns 7 5

Wire thickness 0.75 mm 0.75 mm
Space between wires 0.75 mm 0.75 mm
Wire length 0.87m 1.06 m

Inductance 2.751 pH 3.17 pH

Coils designed in Ansys Maxwell 3D are shown in Fig. 4.
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Fig. 4 — Coil design in Ansys Maxwell 3D.

As a result of Maxwell 3D simulation, the receiver coil
inductance Lo(Rx) was found to be 2.626 pH, and the
transmitter coil inductance L1(Tx) was found to be 3.170 uH.

3.2 MATLAB/SIMULINK SIMULATION

The WPT circuit set up in the MATLAB/Simulink
program is shown in Fig. 5.

Fig. 5— WPT circuit in MATLAB/Simulink

Parameters of the WPT circuit are given in Table 2.

Table 2
Circuit parameters of the WPT system
L, 3.17 pH
L, 2.626 uH
C 7.991 nF
C, 9.6681 nF
L meritical 632 nH

According to the circuit parameters in Table 2,
efficiency-frequency and equivalent impedance-frequency
graphs are shown in Fig. 6 and Fig. 7 for 0 mm and 20 mm
air gap, respectively.
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Fig. 6 — Efficiency-frequency graph for 0 mm air gap.

WPT systems with different sizes of receiver and transmitter
coils have less frequency bifurcation than those with the same
coil sizes. In addition, the frequency range with high efficiency

is wider in the WPT systems with different coil sizes. As seen
in Fig. 6, frequency bifurcation occurred very little, even
below the critical air gap, in this study. Since bifurcation is
small, systems with receiver size smaller than transmitter size
are well suited for fixed frequency systems.
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Fig. 7 — Efficiency-frequency graph for 20 mm air gap.
The WPT circuit has been simulated for a 0 mm and

20 mm air gap in MATLAB/Simulink, and the measured
values are shown in Table 3.

Table 3

MATLAB/Simulink simulation results
Air gap =20 mm Airgap=0mm
k =0.158 k =0.337
Ly =456 nH Ln =970 nH
V; =313V Vi1=6.45V
1,=185A 1,=097A
1,=1.05A 1,=1.02 A
fr=1MHz fr =0.9375 MHz
P, =5.290 W P, =5.132 W
P,=5W P,=5W
n =94.54 % n=97.42%
Ve =36.89 V Va1 =207V
Ve, =17.23V Ve, =17.81V

fr is the resonant frequency, Vc: is the transmitter capacitor
voltage, Ve, is the receiver capacitor voltage, and 1 is the
efficiency. The changing air gap affected the efficiency,
equivalent impedance, and resonance frequency values. As a
result of the changing coupling factor, it has been observed
that the mutual inductance of the circuit and, accordingly, the
many operating characters of the circuit have changed.

3.3. ANSYS MAXWELL 3D SIMULATION

As the air gap between the coils and coil sizes change,
many parameters change in WPT systems depending on the
change of the mutual inductance.
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Fig. 8 — Mutual inductance-air gap graph for different transmitter coil sizes
in the aligned condition.

The mutual inductance graph according to variation of
air gap for fixed receiver and different transmitter sizes is
shown in Fig. 8.
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Mutual inductance examinations were made for the
transmitter coil size of 5.cm, 6 cm, 7 cm, 7.5 cm, 8 cm, 9 cm,
and 10 cm by keeping the receiver coil size constant at 5 cm.
In the aligned condition, the mutual inductance decreases as
the difference between the transmitter and receiver coil sizes
increases. In wireless phone charging systems, the user may
not always be able to position the receiver and transmitter coil
fully aligned. If the coils are designed with the same or similar
dimensions, the mutual inductance, and coupling factor values
will be high in the aligned condition. However, with small
shifts to the right or left, the mutual inductance drops very
quickly. The transmitter coil size must be larger than the
receiver coil size to minimize misalignment losses. However,
if the size differences of the coils are amplified, the mutual
inductance and connection factor are seriously reduced,
leading to a decrease in efficiency. In this study, the optimum
transmitter coil size was determined as 7.5 cm for a 5 cm
diameter receiver coil. The critical mutual inductance was
calculated as 632 nH by eq. (9). As seen in Fig 8, the air gap
corresponding to the critical mutual inductance value for the
system with a 75 mm diameter transmitter coil in the aligned
position is 13.2 mm. The 13.2 mm air gap is the critical air
gap for the system with a 75 mm diameter transmitter.

As the air gap and the size difference of the coils increase
in the aligned condition, the coupling factor value (k)
decreases. The air gap-coupling factor graph for different
coil sizes is given in Fig. 9.
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Fig. 9 — Coupling factor-air gap graph for different transmitter coil sizes in
the aligned condition.

In the absence of alignment, the effect of different
transmitter coil sizes on the mutual inductance was
investigated. The WPT system was analyzed by shifting the
receiver coil 2 cm on the horizontal axis. The unaligned
WPT system designed in Maxwell 3D is shown in Fig. 10.
The coupling factor-air gap graphs for fixed receiver size
and different transmitter sizes in the 2 cm unaligned state
are shown in Fig. 11. For transmitter and receiver coil sizes
close to each other, the mutual inductance and coupling
factors are high in the aligned condition and very low in the
unaligned condition. In addition, the coupling factor is
small in WPT systems with a very large transmitter coil.

Fig. 10 — Unaligned WPT system in Maxwell 3D.

The 75 mm diameter transmitter coil has the highest
coupling factor in the unaligned condition. The 75 mm
diameter transmitter coil has the highest coupling factor in

the unaligned condition. Therefore, a 75 mm transmitter

coil diameter is the most suitable coil size to minimize
misalignment losses and maximize efficiency in this study.
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Fig. 11 — Coupling factor-air gap graph according to transmitter coil
dimensions in the unaligned condition.

To examine how the efficiency is affected in the case of
misalignment in WPT systems used in mobile devices such
as phones, a WPT system with a 75 mm transmitter and
5 cm receiver coil dimensions was analyzed according to
different misalignments on the horizontal axis. The mutual
inductance-air gap graph created by shifting the receiver
coil by 0 cm, 1 cm, 2 cm, 3 cm, and 4 cm on the horizontal
axis concerning the transmitting coil is given in Fig. 12.
The critical air gap values at different misalignment states
are shown in Fig. 12.
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Fig. 12 — Mutual inductance-air gap graph according to different alignment
ranges for 75 mm diameter transmitter coil.

The critical air gap of the WPT system in the aligned and
unaligned state was determined in Fig. 12. Based on the
critical mutual inductance value calculated as 632 nH, the
critical air gap is 13.2 mm for the aligned state. In the
unaligned state, energy is transferred with maximum
efficiency at the air gaps of 12.34 mm and 8.58 mm for 1 cm
and 2 cm, respectively. The mutual inductance at 3 cm and 4
cm shift in the unaligned condition is below the critical
inductance value. At 3 cm, the efficiency of WPT is low. If
the coils are shifted by 4 cm or more, the mutual inductance
and coupling factor values are not at a sufficient level for
energy transfer. When the aligned and unaligned conditions
are examined, the maximum value of the mutual inductance
and coupling factor is observed in the 1 cm unaligned
condition. In WPT systems with the same transmitter and
receiver sizes, the mutual inductance in the unaligned state is
lower than in the aligned state. However, for the WPT
systems with different receiver and transmitter sizes, the path
of the magnetic flux is shorter, the magnetic reluctance is
less, and the mutual inductance is higher in the unaligned
state than in the aligned state up to a certain slip value. In this
WPT design, the mutual inductance of the unaligned state is
higher than the aligned state, up to 2.5 cm.
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3.4. ANSYS SIMPLORER CO-SIMULATION

The WPT circuit, which works simultaneously with the
coil design in the ANSYS Maxwell 3D program, was built
on ANSYS Simplorer as in Fig. 13 and simulated.

‘ L270ut
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Fig. 13 WPT co-simulation circuit in Simplorer

When the circuit is simulated for 0 mm and 20 mm air
gap in Ansys Simplorer, input and output powers are
obtained as in Fig. 14.
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Fig. 14 —a) Input (red) and output (blue) powers for 20 mm; b) input (red)
and output (blue) powers for 0 mm.

The efficiency variation concerning the air gap in the
aligned condition of the system with the receiver coil
diameter of 5 cm and the transmitter coil diameter of
7.5 cm is shown in Fig. 15.

Since the coil sizes of the mobile telephone WPT circuits are
small, it works efficiently in the low air gap. In WPT systems,
after the critical air gap is exceeded, decreases in efficiency have
been observed due to the weakening of the magnetic coupling.
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Fig. 15 — Variation of the efficiency according to the air gap

As seen in Fig. 18, after the critical air gap of 13.2 mm,
an increase in the efficiency reduction rate is observed. The
efficiency-frequency table obtained because of 2 different

programs according to the different coupling factors, and
air gap values of the WPT system is given in Table 4.

Table 4
Efficiency and frequency values in MATLAB and Ansys Simplorer
Air gap (mm), k MATLAB ANSYS
Simulink Maxwell
0 mm, Frequency 0.937 MHz 0.937 MHz
k=0.337 Efficiency 97.42 % 97.38 %
10 mm Frequency 0.998 MHz 0.998 MHz
k=0.253 Efficiency 97 % 96.98 %
20 mm Frequency 1 MHz 1 MHz
k=0.158 Efficiency 94.54 % 94.53 %
When the simulation results are examined, in both

programs, close and consistent efficiency and frequency
values are obtained.

4. EFFECTS ON HUMAN HEALTH

Since this WPT design is made for mobile phone
charging, it is expected to be kept close to the human body.
Especially a wireless charger can be placed close to the
head in the house, or the human hand can remain between
the coils while the mobile phone is placed on the
transmitter coil for charging. In such cases, the exposure
value must be below the limit values so that the
electromagnetic energy absorbed by the limbs does not
cause harmful effects on the tissues. If it is above the limit
values, it must be detected by live object detection systems,
and the system must be turned off.

Table 5

Exposure limits for 1 MHz according to ICNIRP guidelines and IEEE
standards [17, 18]

Standards | Electric field | Magnetic Magnetic SAR
and (V/m) field flux density | (W/kg)
Guidelines (A/m) uT)
iEEE  |PUE |PRE |[PUE |[PRE |PUE |PRE |PUE|PRE
(Head) |642 |1842 (163 |490 |205 (615 |2 10
ikEE | PUE |PRE |PUE |PRE |PUE |PRE |PUE|PRE
(Limbs) |642 |1842 {900 (900 |1130 |1130 |4 20
ICNIRP |OE |GPE |OE |GPE |OE |GPE |OE |GPE
(Head) |[270 |135 |80 21 100 |27 2 10
ICNIRP OE GPE |OE GPE |OE GPE |OE |GPE
(Limbs) |270 |135 |80 21 100 |27 4 20

To examine the effects of electromagnetic fields on
human health, the scattering graphs of the magnetic field,
electric field, and magnetic flux density were examined
concerning IEEE standard and ICNIRP guidelines [17, 18].
Exposure limits for 1 MHz according to ICNIRP guidelines
and |EEE standards are given in Table 5 [17, 18].
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Fig. 16 — a) Magnetic field; b) electric field; c) magnetic flux density.

PUE is Persons in Unrestricted Environments, PRE is
Persons in Restricted Environments, OE is Occupational
exposure, and GPE is General Public Exposure. The
magnetic field, electric field, and magnetic flux density
scattered by the WPT system are shown in Fig. 16. When
Fig. 16 is examined, it is seen that the electric field is a
maximum of 4.5 pV/m, the magnetic flux density is a
maximum of 136 uT, and the magnetic field is a maximum
of 250.57 A/m.

A ferrite core (thickness: 1.5 mm, receiver diameter: 60
mm, transmitter diameter: 110 mm) can be added to the
design so that the magnetic flux density does not exceed the
coil limits and is concentrated around the windings. In
addition, shielding (thickness: 0.5 mm, receiver diameter:
65 mm, transmitter diameter: 115 mm) can be added so that
the leakage flux does not pass to the devices behind the
core. Thus, the scattering will be further reduced. The
magnetic flux density of the WPT system with the ferrite
core and shielded is shown in Fig. 17.
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Fig. 17 — The magnetic flux density of the WPT system with ferrite core
and shielded.

The variation of magnetic flux density and magnetic field
on the horizontal axis from the center of the coil to the
outside of the coil for different air gaps is given in Fig. 18.

From Fig. 18, it has been observed that the magnetic flux
density and magnetic field are high between the inner
radius of the receiver coil of 14.5 mm and the outer radius
of the transmitting coil of 37.5 mm and decrease sharply
outside this range.

By taking the magnetic and electric field limits values of
IEEE standards and ICNIRP guidelines as a reference, the
safe approach distance at which the WPT system does not
adversely affect human health has been determined. When

the limit values are examined according to IEEE standards,
there is no harm to the head, torso, and human limbs in the
restricted area. In the unrestricted area, there should be a
limited approach value for the head and torso up to 3 mm,
although there is no harm to the human limbs. According to
ICNIRP guidelines, the limit approach value should be 3.2
cm for public exposure and 1 cm for occupational exposure.
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Fig 18 — Magnetic flux density and magnetic field graph according to
distance from coil center to outside for different air gaps

In this study, the magnetic field, magnetic flux density,
and local SAR distribution of the organs are given in
Fig. 19 for examining the effect of the WPT system by
placing a hand between the receiving coil and the
transmitting coil and a head next to them.
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Fig. 19 — In hand and head, distribution of: a) local SAR; b) magnetic
field; c) electric field.
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Considering the SAR value, it was measured as a maximum
of 0.1150 W/kg for the human hand and a maximum of 0.0650
W/kg for the human head. According to the ICNIRP
guidelines and IEEE standards, the SAR value was determined
well below the limit. When the magnetic and electric field
scatterings for the human head were positioned right next to
the coils, it was below the limit values. However, in the case
where the human hand is placed between the receiver and the
transmitter, since the magnetic field values are above the limit
values, this situation harms human health. Therefore, living
object detection systems are necessary for the wireless
charging of mobile phones. When a living object enters
between the receiver and the transmitter, the transmitter
resonator must be de-energized [19].

5. CONCLUSIONS

Wireless power transfer has started to play an active role
today and has become indispensable in every field. In this
study, mathematical calculations were made for selecting
the appropriate coil size so that the WPT can work
efficiently in alignment and various misalignment situations
in mobile phone charging. For the detailed analysis of the
WPT system, simulations were carried out using multiple
package programs (MATLAB, Maxwell 3D, and HFSS). It
has been observed that the change of coupling factor differs
for different receiver sizes according to the change of air
gap and alignment status. So, the system's efficiency varies
according to the air gap, alignment status, and coil size.
Analyzes were made according to a fixed receiver and
different transmitter coil sizes, so the optimum coil sizes
were determined. It examined how the system's efficiency
was affected in cases of misalignment. The maximum
misalignment interval was determined at which efficient
energy transfer was cut. As a result of the electromagnetic
analysis, the SAR value, electric field, magnetic field, and
magnetic flux density were examined. In this design, limbs
placed 3 cm or more from the WPT system are below
exposure limits.

However, for limbs placed closer than 3 cm or between
the receiver and transmitter, the limits are exceeded. In
these cases, the WPT should be stopped. In this study,
analyzes were carried out to determine the optimum
transmitter size and alignment tolerance for wireless
charging with wide freedom of movement on the
transmitter charging pad of WPT systems whose receiver
size is smaller than the transmitter. In future studies, this
study can be further developed for WPT systems with large
transmitters and multiple small receivers.

Received on 6 September 2021
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