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ABSTRACT

Wireless power transmission (WPT) technology has now become one of
the most important technologies and the focus of scientists. The principle of this
technology is to send power from a device called the transmitter to another
device called the receiver without using cables. The type of WPT technique that
had been used is Inductive coupling, due to its ease of use and safety compared
to the traditional transmission techniques .

In this thesis, a wireless system has been designed to be able to transfer power
or charge smartphones with 10 Watt, 5V, and 2A using the resonance inductive

technique.
The work had been divided as shown below:

Firstly, to clarify the Frequency Splitting Phenomenon, a system had been
designed and simulated by ADS program which is considered a problem in
WPT, to illustrate the effect of the coupling factor on the system that leads to
making this splitting in frequency and reaches that whenever resonance

frequency increases the splitting at lower coupling occur.

Secondly, the wireless system for smartphone charging had been designed and
simulated by MATLAB program considering some of the factors that have an
impact on the system efficiency such as distance, coupling factor, and

resonance frequency from 50-100 KHz.

The result indicates that the wireless system that had been designed for
charging smartphone applications achieved the better system performance at
Fr=100 KHz, where the efficiency is equal to 76% when distance between TX
and RX is 30 mm whereas at Fr=50 KHz with the distance between TX and RX

Is equal to 30 mm the efficiency reaches to 71%.
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CHAPTER ONE

Introduction

1.1 Introduction

Wireless power transfer (WPT) is nowadays consider a very
Important topic due to many features. The common and main feature is
that it can transmit power from the transmitter to the receiver device
without using cables connecting them which means it is done through a
gap. In recent years, WPT evolved significantly. So, it is considered the
essential technique which can transmit power wirelessly and can be
considered an important changes to the traditional transmitting techniques
that use cables [1-2].

WPT has many attractive features. Firstly, it is characterized by the
ease of use in terms of reducing the use of wires. Secondly, WPT is safe,
reliable, low in cost, and preserves the life of the device in terms of not
needing to use cables. Thirdly, it protects the devices from heating or
overcharging troubles. In addition, it is useful for the equipment of high
cost charging [3-4]. This technology can transmit power for short and
long distances for many applications, such as electric vehicles, portable
devices, medical technology, and many others. WPT is divided into two
types depending on the distance: the near-field type (can transmit power
for short and medium distances) and far-field type (can transmit power for
long distances) [1], [5-6].

There are two basic categories of WPT: coupling type and radiative
type. These two types differ from each other in terms of the distance of
transmitting power. The coupling type can transmit power for short and
medium distances, whereas the radiative type can transmit power for far
distances [7-8].



Any WPT system consists of two stages which are the transmitter
and receiver. The devices used are the same for all WPT system but can
differ depending on the type of application requirement or the parameter
used, where some systems need to add an additional circuit to reach the

appropriate results [9-10].

This thesis focuses only on the near field type WPT and the design in
this study made for short or medium distances. The studies are still

developing and discussing this topic to reach the best results.

e —
\ »
-N-Receivef Load

Supply | | Transmitter ,\/

Figure 1.1 Work principle of WPT system [10].

Figure 1.1 illustrates the basic system and work principle of wireless
power transfer technology, where each block will be discussed briefly in
chapter 2. The B symbol represents the magnetic flux density between the

transmitter and the receiver coil.



1.2 Comparison between wireless and wire charging.

There are many advantages of using wireless power transfer for
charging devices. So, the following is an advantage of WPT that make it

the preferable technique than wire charging [1],[19].

e In wireless charging, there is no need to use wires for charging
which is reduce the complexity and saves the devices life.

e The safety and flexibility of wireless charging operation is more
than wire charging.

o Efficient.

e It saves time and life device due to reducing using cables when
charging.

e WHPT is considered as one of the attractive technologies applications

and can be developed to be more efficient than other devices.

1.3 Literature Review

The wireless power transfer technology is not new technique. It deals with
the prediction that energy can be transmitted from one place to another
through a gap as testified by Maxwell in his essay on Electricity and

Magnetism since late 19th century [11].

In 2014, K. Aditya, introduced a comparison between series- series ( S-S)
and series- parallel (S-P) compensation circuit topology and concluded
that the S-S topology has two features that make it better for use with
inductive power transfer (IPT). The first is that primary capacitor is
independent to the load or the magnetic coupling. The second is the
secondary winding in the primary coil that has real reflected items. In
addition, the S-P topology needs a controller for variable frequency

which can add a complexity to the circuit where the S-S topology required



a fixed frequency. So, the S-S topology is the better topology for charging

a battery for constant voltage and constant current charging [12].

In 2015 This paper proposed a novel DC-DC converter model based on
the analysis of WPT and designed a feedback controller for the maximum
efficiency control of WPT. Experimental results demonstrated that the
analysis of the secondary current of WPT is acceptable, and that the
maximum efficiency control through secondary voltage control is suitable

for EV applications at any transmitting distance.

In 2016, A.T. Satel, designed a proposed system of wireless power
transfer for charging a battery of laptop by 20V, 6A (120W). The number
of turns of the coil is also discussed in this study and concluded that when
the turn of the coil increased the coupling between coils increased. The
result that has been obtained from the design and simulation indicates
that can charging a battery of a laptop for the required specification is at
efficiency equal to 62% [13].

In 2017 S. Luo, S. Li and H. Zhao. Proposed the optimal parameter design
methods for four-coil, LCC and CLC structure. Then, the reactive power
of the three optimized system using different compensation circuits is
compared by analysis, simulation. And the results shows that the LCC
compensation network has lower consumption of reactive power than
CLC and four-coil structure, also when additional insulation is need, four-

coil compensation would also be a good choice [7].

In 2017, Z. Liu et al. proposed a tank system for wireless power transfer
that does not change a lot with the misalignment between the transmitter
and receiver point. Also the efficiency of the system remains at the same
value when the distance is changed from 30-100 mm between the
transceiver points. The efficiency is equal to 71.77% for the measurement

and simulation results to the success of the proposed system [14].
4



In 2018, Z. Zhang et al. presented an overview of WPT techniques with a
concentration on the technical challenge and the applications. Then this
study discussed the IPT system technique and concludes that the IPT of
two coils can work only for short rang distance applications where the IPT

of four coils is used with higher distances [15].

In 2020, S. Kuka et al. present a review of the accomplishments of
methods for increasing the efficiency and distance enhancement in WPT
applications. The efficiency improvement depends on increasing the
efficiency of all blocks that are included in the WPT system. Moreover,
the efficiency of the system can be improved by: firstly, designing the coil
correctly, secondly the compensation circuit of the resonance in the
transceiver circuit, and other improvements that would be possible in the

power converters topologies [16].

In 2021 Y. Zhang, S. Chen, X. Li and Y. Tang gives an overview of the

state-of-the-art high-power static WPT systems via magnetic induction

In 2022, M. Amjad, et al discussed electric vehicle charging using the
wireless power transfer technique. This study includes the importance of
WPT technology, especially for electric vehicles which reduce or
eliminate the wires and the mechanical connection between items. It also
increases the system efficiency. The comparison between mutual coupling
type, inductive and coactive have been discussed to show the better
technique for charging. Finally, the study reached that the inductive WPT

is the appropriate method for wireless charging of electric vehicles [17].



1.4 Aims of the Thesis

The aim of this study is to design a WPT system for one of the
modern technology which is the smartphone application. The following is

the steps of discussed and designing the WPT system:

1- Recognizing the importance of WPT technology.

2- Designing a system to analyze the Frequency Splitting Phenomenon
(FSP) before designing the WPT circuit.

3- Designing a WPT system using inductive power transfer type (IPT)
with the resonance that can charge smartphone applications by (10W, 5V,

2A) at acceptable efficiency.

1.5 Thesis Outline
This thesis consists of four chapters organized as follows:

Chapter One presents an overview of the wireless power transfer
(WPT) technology and discusses its type, in addition to the literature
review and the aims of the study.

Chapter Two includes an introduction, and basic theories of WPT. It
discusses briefly the types of WPT that had been used, explores the
structure, and explains the way WPT operates and its applications.
Chapter Three includes the design and simulation results of the
frequency splitting phenomenon and the wireless charging system of
smartphone and discusses the effect of different parameters on the

system performance.

Chapter Four includes the conclusions of the results that have been
reached from this thesis study in addition to some suggestions for future

work.



CHAPTER TWO
Basics of WPT System and their Applications

2.1 Introduction

Wireless power transfer (WPT) is considered nowadays an important
technology due to many of its features. The main common feature between
all types of WPT is that all methods transmit power using current (AC).
Generally, transmitting power occurs by two methods: coupling and
radiative [18-19]. The coupling method is classified into a magnetic field
and electric field whilst the radiative method is classified into microwave
and lasers. The magnetic and electric coupling types can transmit power at
short and medium-range, this means it can be used for near-field

applications whilst radiative is used in far-field type [20].

The working principle of WPT system is based on the magnetic flux
generated between two coils at the resonance frequency, where these series
capacitor values is chosen to suit resonance frequency [21]. The advantage
of adding a series capacitor to form a resonator circuit is to obtain the
maximum power transfer of the circuit. Moreover, some parameters can
effect the power transfer such as, distance between coils, the appropriate

frequency and so on [22-24].

Figure 2.1 shows the basic block diagram of wireless power transfer

for the charging system.



DC

Inverter Primary
Source » » Coil

s d
Load « Rectifier « ?5:::;; arn

Figure 2.1 Typical diagram of WPT for charging the battery.

2.2 Applications of Wireless Power Transfer
Due to the advantages of WPT which are, safety, ease of use, and less
complexity than other methods, wireless power transfer (WPT)
technology has many applications. The most important applications of
WPT are [25-28]:
1. Portable Devices:
The batteries of portable devices including, mobile phones,
laptops, iPad, Air Pods, and a variety of modern smart
applications can be charged by a wireless technique which can
reduce the wires more than wire charging, which is the most

important advantage in addition to many other advantages. This

2. Vehicle Charging:
Vehicle charging includes all kinds of electric cars, where
charging a car wirelessly can save time. It can charge the car at
home or at charging stations. There is static and dynamic
charging, the dynamic charge is important but is still developing

to reach the superior results.



3. Medical Equipment:
In medical equipment such as charged medical devices that are
implanted inside the body, WPT can be used to eliminate the
need for elicitation of the body.

4. Home Applications:
WPT can be used for home applications such as kitchen oven,
kettle, blender, and so on, to avoid the electric shock, as any

device can be charged by putting it on the charging place.

Figure 2.2 Wireless power transfer applications [25].

2.3 Wireless Power Transmission Types

Wireless power transmission WPT is a generic term that describes
the various types of transmitting power wirelessly [29-31]. In general, there
are two types of technologies that differ in range which could transfer the

power to the load.

Figure 2.3 illustrates the types of wireless power transmission

categorized into radiative and non radiative types.

9



Microwave

Radiative type (Far

field)

. Inductive coupling
Non Radiative type
(Near field)

Capacitive coupling

WPT

Fig. 2.3 Types of Wireless Power Transfer [29].

The main difference between the two types of the WPT near field
and far field is the power transmission distance and the frequency, where
the far field transfers power over medium and far distances with the
range of frequency in GHz, for example, transmission using the laser or
microwave is considered a type of far-field transmission. The near field
is used for near distances of a few centimeters and the range of
frequency is lower than far field transmission from KHz to MHz [32-33].
The near field type is higher efficient in power transmission than the far

field type.

The power transmission depends on the distance between two objects. In
the far field and near field, the power transmission is depends on the
distance between coils [34-35]. Inductive coupling type was discussed
in this thesis . Figure 2.4(a) shows the inductive coupling type and figure
2.4(b) shows the circuit of inductive coupling type after adding

capacitance to the coils (L1, L2).

10
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Figure 2.4 (a) Inductive coupling, (b) Resonance inductive

coupling WPT System.

The inductive coupling system is termed resonance inductive
coupling when adding a capacitance into one or two sides of the coils.
There are four types of compensation circuits depending on the number and
capacitance placed in the circuit. This circuit is termed compensation
circuit[36-38]. The next section, gives more explanation about the

compensation circuit.

1.6 Main Concepts of the Resonance Inductive Coupling Wireless
Power Transfer System.
The main concepts of the WPT are discussed in the following sections.
1.6.1 Resonance
The resonance in the circuit that contains an inductor and capacitor is
shown in figure 2.5. It occurs because the magnetic field of the inductor
generates an electrical current in the winding that charges the capacitor.
Then the capacitor discharging creates an electrical current that produces a
magnetic field [39]. This process is repeated continuously which leads to
creating the resonant frequency. At the resonant frequency in the series
RLC circuit there are significant characteristics that can explain briefly.

they are.
11



The capacitive reactance XC and the inductive reactance XL are equal.

* The total value of the impedance Z in the circuit will be minimum which
is equal to resistance R.

* The current of the circuit will be the maximum value when the impedance
Is reduced.

 The voltage across the resistor equal to the supply voltage. Chapter Two
14

* The phase of the voltage and the current are the same making zero phase
angle between them because the entire circuit is purely resistive and
therefore the resultant reactance is zero.

* The power factor will be unity [42-44].

* +

VOUt (t)

|
Il c

Vin(t) ® -

Figure 2.5 RLC series circuit[43].

The magnitude of the transfer function (TF) could be written as shown
below when the output of the series circuit is taken across the resistor (R)
[43].

R

2 _ 12
\[R +(wx*L w*C)

_ Vout(W) _ 5 _
HW)| = | (22 ) = 7 =

_ wx*xC*R (2-1)
JWw2 % C2 «RZ + (W2 * L+ C — 1)2

1
VL+C '

|[H(w)| = 1 correspondtow?«*L+C — 1 = 00r w, =
The resonance frequency depends on the coil and capacitor parameters. The
maximum transmission of power can be obtained at the resonance

frequency. The impedance of the RLC series circuit can be calculated as.

12
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)2

wxC

|Z| = \/R2+ (wx*L—

At resonance condition, the inductive reactance (XL=w*L) is equal to
capacitive reactance (XC=1/w *C). So, the impedance (Z) becomes pure

resistive.

On both sides of the resonance maximum point, there are two points called
the half power points because the power at these points is equal to half the
power at resonance. At these points, the voltage across the resistance is
reduced to 1/v/2 times the voltage at resonance. The frequency separation
between these two frequency is called bandwidth (BW). So the transfer

function could be written as:

1 R (2-3)

1
W*C)Z

\/RZ-I-(W*L—

So the bandwidth can be calculated as shown below

By squaring Eq (2-3),

1 R? 24
> (2.4)

N 1
2 _ 2
R+ (wxL *C)

The W1, W2 are the roots that can be written as shown,

2-5
LI VT -
Iy 2+L) TLxC
_ R R\ 1 2.6
w2 =T (Z*L) tic (2-:6)
So, the bandwidth equation is
R (2-7)

BW = w2 —wl=—
w w L

13



Where equation 2.7 can show the bandwidth is proportionate to the
resistance R.

To find the resonance, multiply w1,w2, where w is the

angular frequency. (2-8)
Wo = Vwl x w2

Where wo=2*r*Fr so the resonance frequency (Fr) of the RLC series
circuit 1is,

1
2xmTx\ L*xC (2-9)

1.6.2 Quality factor (Q)

F, =

Quality factor (Q) is one of the important parameters that shows the

capability of the inductor to save energy. The coil quality factor is inversely

proportion to R ( internal resistance of the coil) [45]. The internal

resistance of the inductor means there is power consumption. Therefore,

when the resistance value is small the quality factor of the coils becomes

high and the efficiency is high. So, the quality factor is the ratio of energy

stored in the system to the energy dissipated in the system [46].

Quiality factor can be written as in Eq (2-10)

Energy stored in the circuit (2'10)

Q:

Energy dissipated in the circui

At resonant frequency, the quality factor can be written as

wo*L

R (2-11)

Quality factor (Q) =

Where XL= wg*|_, SO

Wo=2*1*Fr (2'12)

14



1.6.3 Coupling Factor

Coupling factor is a measure of the amount of the interaction between two
coils in a WPT circuit, where a higher coupling means there are small
losses of the magnetic flux or there is high flux reaching to the receiver
through the current generated and transferred from the primary to the
secondary coil of the circuit. In addition, the coupling factor also depend on
the distance between the coils. Whenever the distance between two coils is
small the coupling become high, which means the losses in magnetic flux
Is small and the efficiency of the transmitting energy is high [46]. K is a
unitless value and the values should be from 0 to 1. K=0, illustrate there is
no magnetic flux reached to the receiver or the two coils not depend to each
other. K=1 means there is a flux reaching to the receiver and it is
considered as the perfect condition. The coupling factor can defined and
calculated as the amount of magnetic flux that is transmitted from the
transmitter coil to the receiver coil [47-49].

_ M
K=_—2— (2-13)

1.6.4 Mutual Inductance (M)
When two resonant coils is placed close to each other, the magnetic flux in
the primary coil tends to connect to the secondary coil and then induces a
voltage in the secondary coil. So this operation of generating a current and
voltage in the receiving coil is called the mutual inductance [44][50]. In
addition, the distance can affect the mutual inductance value where
whenever the distance between the two coils is small, the mutual
inductance become high. To link the mutual inductance with the coupling
factor, it can define the coupling factor is the amount of mutual inductance
between the two coils [51][52] and the equation of mutual inductance can

be written as shown below in Eq 2-14.
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M = N2 %

®12
e (2-14)

Figure 2.6 illustrates the conventional circuit of the resonant inductive

coupling series capacitor.

C1 M C2

N\

VS

Figure 2.6 Conventional circuit of the resonant inductive coupling system

Where the Vs is the voltage source that generates the sinusoidal signal, C1,
C2 is the resonance capacitor of the coils L1, L2 respectively. RL is the

load of the circuit, and M is mutual inductance.

1.7 The Components of Resonance inductive coupling power transfer
(ICPT) System Achievement
Each system has a component that is considered a major element to
enhance system performance. Resonance inductive coupling WPT consists
of elements to form a WPT System, where each component can improve or

can be chosen to suit the required system results.

Figure 2.7 shows the schematic diagram of the resonance inductive WPT

system, to show the components arrangement of the system.
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Figure 2.7 Schematic diagram of resonance inductive WPT system.

In the following sections, the major components of WPT system realization

are discussed.

1.7.1 Compensation Circuit
Compensation circuit consists of C1 and C2 which are added to improve or
increase the power transmitter efficiency of the system. these capacitors are

added to the transmitter and receiver coils[53].

There are four types of compensation circuits according to the method of
the capacitors linked with inductance or coils, which are series to series (S-
S), series to parallel (S-P), parallel to series (P-S), and parallel to parallel
(P-P). The S refers to the series connection and P refers to Parallel
connection with the coil, so, the first character illustrates the method of the
linked capacitor to transmitter side and the second character illustrates the
method linking the capacitor to the receiver side. Figure 2.8 shows four

types of compensation circuits [54-55].

The (S-S) type had been used in this thesis to design a WPT charging
system because C1 behaves as a current source and produce a constant
current that result to induce a voltage in the secondary coil. The C2 is to
ensure the fixed resonance frequency independent of load and coupling and

acts as voltage source that supplied a fixed voltage. So, the S-S topology is
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the better topology for charging a battery for constant voltage and constant

charging current and also for fixed frequency system[13].

L,¢ C:== g’ R,

(b) SP
! M, j C, _ M), ;
i 2 I
TALTS TAL
c, o o X C, . o 1L
Vg @ - L;% E L, 3 R, Vg @ - L 3 Lz% C== _2 R,
(c)PS (d) PP

Figure 2.8 Compensation circuit types [55].

1.7.2 Inverter
The inverter is a device used to convert DC to AC signal, in the WPT

system. The first component in the primary stage is the inverter which is
supplied by the DC voltage source. Then this voltage is converted into an
AC signal at the frequency which depending on the pulses applied on the
gate[56]. After that, the generated AC current at the output of the inverter
generates an AC alternating current flow in the secondary stage. There are
two types of inverters to convert the DC to AC signal, half-bridge inverter
and full-bridge inverter[56-59].

The following section includes a short discussion of the inverter types.
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1.7.2.1 Half Bridge Inverter
Two power electronic switches are needed at the half bridge inverter which
consists of IGBT or MOSFET, depending on the purpose that is needed.
Also in half bridge type, the voltage is split into two 0.5 VDC of the full
voltage and the voltage in the output is generated depending on the on-off
switches of the MOSFET that is operated or determined depending on the
frequency of the gate pulses. Figure 2.9 shows the circuit of the half-bridge

inverter[57].

i - GATE il

e PULSE I ?
VvDC -I-L :_.
LOAD SwW1

AAA

b ™ GATE ™
voc T4 PULSETL. I:j

SW2

Figure 2.9 Half bridge inverter

Half-bridge inverter is operated with two modes, SW1, and SW2 the
switches. So when SW1 is on the current path it flow from 0 to t1 and SW2

is off as shown in figure 2.10.
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(]
05 _Jle
vbc ¢ T l Swi
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05 _le& / SW2

vbpc T4

Figure 2.10 Current path at SW1=on, SW2 = off.

When SW2 is on, SW1 becomes off, and the current flows at half cycle
from t1 to t2 as in figure 2.11.

05 1+ yd

vbc "¢ SW1
LOAD
NN

05 _ |+ ,
vDC “T % T I l 1 SW2

Figure 2.11 Current path at SW1= off, SW2 =on.
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Figure 2.12 Output voltage V| of half-bridge inverter
at SW1, SW2.
Figure 2.12 shows the output voltage of the inverter where the output
voltage is AC signal due to the current path from 0 to t1 at SW1 and flows
from t1 to t2 when SW2 is on [56-57].

1.7.2.2 Full Bridge Inverter
Full bridge inverter consists of four MOSFET or IGBT switches as shown

in figure 2.13, and the voltage source is not split into two-parts. The
operation mode and current flow through full bridge circuit are slightly
different from the half bridge [57-58].

GATE 4 GATE
PULSEn_I»} PULSErL|»3'
— —

swi1
LOAD ek
VDE o M
GATE 4 GATE 4]
PULSEfL l» PULSEI_ I»
— —
sw2 swa

Figure 2.13 Full bridge inverter.
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There are two modes of operation: the first mode is when SW1 and SW4

are on, so SW2 and SW3 are off. The current (I,) flow through switches

from 0 to t1 as shown in figure 2.14.

-l

VDC =

—

SWi1i

LOAD Tk
MWh
—
SW2 J« swa

Figure 2.14 Current path at SW1 and SW4 on

The second mode is when SW2 and SW3 are on so, SW1, SWA4 is off the

current flow from t1 to t2 as shown in figure 2.15.

-l

VDC =

) —

SW1 €<

!

LOAD

MN
SW2

SW3

SW4

Figure 2.15 Current path at SW2 and SW3 on

The operation modes are not different from half bridge except that peak

output voltage is VDC where peak load voltage is 0.5 VDC.
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Figure 2.16 shows the load voltage of the full bridge inverter during the

operation cycle.

SW1, SW4:

11 1, t—

SW2, SW3

t—

vV,

t—

Figure 2.16 Output voltage VL of half-bridge inverter
at SW1, SW2
The switching device that was used in this system is MOFSET, because
MOSFET is suitable for low voltage operation, while an IGBT device is

suitable for high current and voltage operation[13].

1.7.3 Rectifier

The rectifier is placed in the receiver stage before the load or the device
that needs power because the rectifier is AC to DC converter. The signals
of current and voltage received from coils are AC signals so the rectifier
converts these signals into DC signals to be compatible with the load. In
addition, a capacitor is linked with a rectifier as a filter to minimize the

ripples of the signals[60-61].

Figure 2.17 shows the bridge diode rectifier. Where D1, D2, D3and D4 are
diodes, and the working principle is with two modes: the positive half cycle
of the current flows through D1 and D2, and the negative half cycle of the
current flows through D3, D4[62].
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Figure 2.17 Full bridge rectifier[62].
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1.7.4 Inductive Coils
The main component of any wireless power transfer system is the coil.
There are two coils designed as the primary coil (L1) which is for the
charger and the secondary coil (L2) is for a smartphone. The following
equation is the theoretical parameter calculation to design coils and the
analysis of the WPT equivalent circuit to calculate the efficiency of the
system[63-65].

So L1 and L2 can be calculated as[64].

— Mo 2 W uo 2 )
Ll—pl_*Nl *W*10g<2*T1*R1*(W+(m)>+pi*N1 * (2-15)
T1+log| 2+ T1 * w —2+(W+T1— W2 +T?)
R1+(T1+ (VT1Z+ W?))
tios gz TLEW
0 * *
H 4 * pi
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L2 =2« N2Z« W «log| 2+ T2 + w + 20, N22 & ]
pi & R2*<T2+(\/T22+W2)) pi (2-16)

T2 * log| 2 * T2 w _
i og( i *RZ*(TZ+(\/T22+W2))> 2

(W + T2 - (VWZ+T22)) |+ po « N22 « 227

4xpi

Mutual inductance is important parameter for the system performance
and we can notice from the equations that the mutual inductance depends
on the physical dimension of the coils in addition to coupling factor also

depending on the physical dimension and can be written as[65].

- <(u_o) N1+ NZ+T1xlog <sqrt(<62>+(w2>))> (2-17)
pi G
oM (2-18)
 VL1+L2
Where,

L1,L2: inductance

T1,T2: length of the coils

W: width of the coil

G: the distance between coils

Uo: permeability of the air = 4*pi*10"Hm™
M: Mutual inductance

K : Coupling factor

N1,N2: Turns ratio of the coils

R1, R2is the radius of the windings

Each inductance has an internal resistance and can affect the efficiency. It
Is better to be small and can be calculated as shown below, where S1,S2 is

cross section of the coils[64].

. (2-19)
Resistance 1 = ((5—17) « N1 (_Z (Ts11+ W)))
Resistance2 <1> Nz (2 T2+ W) (2-20)
esistance = <
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The compensation elements C1,C2 should be chosen to achieve the same
resonance frequency for the two stages. So, the resonance capacitance can

be calculated as

(2-21)
C. = 1
1= W%.Ll
(2-22)
C, = 1
2= W%.LZ

Where the resonance frequency Fr can be calculated using Eq 2.9

G Ry Ly L2 R Cy

Il

— . AMA—|

Vin © o §“*|V°“t

Figure 2.18 WPT equivalent circuit

l1

Mutual

The currents at the primary and secondary stages are shown in figure 2.18
and can be calculated in equation below

Where l,and 1, is currents of primary and secondary stage respectively

Iprimary = ‘;ﬂ (2-23)
1

Where Z,,Z, stands for the impedance of the primary and secondary coil is

1 w2 x M2 (2-24)
j*wx Cyq * Z,

Zl = R1+ ]*W*L1+
Where Z, is the impedance of the secondary stage and can be written as

1 2-25
22:R2+ﬁ+j*W*L2+RL ( )
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So the current at the primary stage lyrimary at resonance frequency can be
written as

A (2-26)
w2 x M2
R, + R,

Iprimary =
Ry +

Where the current at the secondary stage ( secondary coil) is generated by

the induced voltage because the current variation at the primary coil can be

written as
J*xwxxMx*V;, (2-27)
Isecondary = — 5 >
R, + W *M"
1 TR, +Rg

To observe the system performance and the efficiency that had been
reached to achieve the required result, we should calculate the input power

and output power as follows,

To find the power at the primary side P1 and the power transmitted to the

secondary coil P2 (2-28)
Vin2
P, = Z,
(2-29)
V,2
P, =—

where V, is the voltage at the secondary side and R, is the equivalent load
resistance of the rectifier and the battery load. The efficiency can be

calculated as in eq 2-30.

(2-30)

Pout

PTE =
Pin

1.8 Smartphone Charging Work Principle

The principle of charging smartphones wirelessly is by placing the
smartphone above the charger device across a small distance [68-69].
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Figure 2.19 Work principle of wireless charging system.

Figure 2.19 clarifies the smartphone at charging operation. When placing
the mobile on charger, an AC current flows through the primary coil
causing a magnetic field that generating an AC current in the secondary
coil. After that, this current is delivered to the battery as direct current by

rectifier, which makes the battery charging[70-71].

From this principle can notice that there is no need to link the mobile to the

charger by wires, for the safety, and flexibility of charging.

The following are the objects that should be in consideration when

designing a WPT system for smartphone charging:

e The distance between two coils because it has an important effect on
the system.

e Choosing the appropriate resonance frequency.
1.9 Frequency Splitting Phenomenon

Frequency splitting is a phenomenon that occurs in WPT system and can
affect the system PTE. When the distance between two coils is decreased
the PT and the efficiency is dropped sharply at the resonance frequency,
while the resonance frequency is split in two new frequencies and the
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power transmitter and efficiency become at maximum values at these two
frequencies, this is called the frequency splitting. Figure 2.20 show the

frequency splitting phenomenon at different distances[72][73].

100

—H—— dis.7mm
dis.9mm
dis.12mm
—¥— dis.15mm

Efficiency (%)

7.05 71 715 7.2 7.25 7.3 7.35
Frequency (MHz)

Figure 2.20 Frequency splitting phenomenon of two coils[68]

The relationship between the coupling factor and the distance is nonlinear.
So, when the distance decreases, it causes the coupling factor to increase at
the same time [45].

There are three situations of coupling:

1 Under Coupled range.

2 Critical Coupled range.

3 Over Coupled range.
In the under-coupled range the distance between two coils is large and the
K< Keitica Which means the coupling between two circuits is low.
Therefore the PTE and power transmission are small and on peak

resonance frequency. This situation IS considered a non-efficient case.

The critical coupled range is considered the preferable situation where K=

Kritical- IN this case, the coupling between two coils is high, and the PT and
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PTE are high at one peak of the resonance frequency. So the output of this

circuit is considered an efficient signal.

When K> Kgiiical, this case is considered a non-preferable situation because
the splitting in resonance frequency occurrs, and when the coupling still
increased, the splitting becomes higher and insecure. So, it can be noticed
from figure 2.20 that critical coupling is at 12 mm and the PTE is at one

peak resonance frequency.
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CHAPTER THREE

Design and Simulation of the Wireless Power Transfer
Using Resonance Technique

3.1 Introduction

In this chapter, the design and simulation results of the wireless
power transfer circuit of smartphone charging by MATLAB program
shows that, the results of the frequency changes can effect on the system
efficiency or power transmission on the circuit. In addition, the effect of
distance and resonance frequency on the system performance are simulated
and discussed.

In recent years, the resonant inductive coupling (RIC) type of the
WPT has become one of the most demanded technologies. WPT has a
splitting frequency phenomenon (FSP). So, before designing the WPT
technique system, a prototype has been designed by Advanced Design
System(ADS) program and analyzed to show the effect of this phenomenon
and the parameters that made this problem to be able to avoid this trouble
when designing the system.

A compensation circuit designed and the (S-S) type has been chosen
due to the importance of adding this compensation circuit which consists of

(C1,C2) to improve the system performance.

WPT system has been designed, simulated and analyzed by
MATLAB program. The WPT circuit consists of six stages: the input stage,
Inverter device that used due to the DC input voltage, TX-RX coils that
consist of the (L1,C1,L2,C2), rectifier device that used to convert the AC
signals into DC signals and transmits these signals to the final stage which

Is called the load stage or the battery of the smartphones.
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WPT can be extremely useful for many technologies used now for
more ease of use [1-2]. The resonant frequencies that has been used in this
thesis are from (50 KHz to 100 KHz).

In addition to discussing the parts of the circuits and their effect on
the system performance, the purpose of this study is to design a coils and
WPT that enable us to use in the field of charging application such as
smartphones with 10W, 5V, and 2A with acceptable efficiency.

Figure 3.1 shows the arrangement of mobile charging system design
and the technique of operation.

Figure 3.1 shows the technique of all elements arrangement where this
technique represents the wireless smartphone charging. The charger can
charge the devices that only have property of wireless charging which means

the modern smartphones such as Samsung and iPhone with the new version.

Smart
Phones

Battery = NG

i 7 eceiver coil with
L compensation
element
Magnetic /N
flux /N | N
/A Transmitter coil
= W\\'ith compensation
element

Charger

Figure 3.1 Smartphone charging operation technique.

Before explaining the system design of this thesis, it should
demonstrate the problems that could be faced in the designing work. There
Is a problem in WPT which is frequency splitting phenomenon that should
take into account when designing a WPT system. So firstly a prototype
design is discussed to shows this problem. This design and Simulation is

achieved by ADS program.
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The required result is to obtain 10 W, with 5Vand 2A to be suited for
charging smartphones. The results are divided into the following sections.
e The result of a proposed system to clarify the FSP that is
considered a problem in WPT and discuss the results.
e The result of a WPT proposed system to show the effect of
frequency and distance changes on the system performance.
e Choosing the suitable parameters values for frequency and

distance to obtain the better system performance.

3.2 Design and Simulation of the Proposed System of Frequency
Splitting Phenomenon
The FSP is considered as a problem to some systems. So, in this
thesis a small system has been designed and simulated by ADS Software to
show this problem. Also from the figures (3.3-3.10) can be observed the

effect of some parameters on the efficiency and the system performance.

Figure 3.2 is a prototype of WPT system which consists of two coils and
two capacitor to represent the design of WPT system used to clarify

frequency splitting phenomenon.

hY ‘
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+3  Term - R ‘L ' - = ‘¥ Term
1 Term1 L. : : : : Term?2
§ Nam=1. : = - opel o : : § Num=2
am | § L=20uH 3 L=20 uH | |
L R MUTIND R =
- R1 PN R2
S "~ Mutual - -
Mutual? -
K=0.1

Figure 3.2 Topology of WPT for FSP design.
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4.1

The amount of power transmission from the source to the load is depends

on the matching between the source and load so when matching occur the

power is transmitted to the load. The maximum power transmitter

efficiency can be obtained at the optimal frequency when coupling factor K

at critical value.
Where

R1,R2 internal resistance of the primary and secondary inductance.

K : Coupling factor.

K have three situations: under coupling, critical coupling and the over

coupling.

Critical coupling is the appropriate situation where the PTE become at

maximum values whilst at over coupling situation. The PTE becomes at

lower value at the optimal frequency and at high value at the two new

sided frequency which called the frequency splitting phenomenon.

The main parameters that affect the system performance and should be in

consideration when designing a system are:

Coupling coefficient k: The effect of coupling to compare and show the
effect on the system at each frequency .

The distance where there is a nonlinear relation between distance and k.
Resonance frequency (Fr): The FSP occurs at higher distances when

frequency increasing

Simulation Results of the Frequency Splitting Phenomenon (FSP).

In this section, the results of FSP designing circuit had been shown and

discussed in figure 3.1, The ADS program is used to simulate the circuit. The

parameters of the design are proposed in this circuit to exhibit the comparison

between three frequencies ( 10, 20, and 30 MHz) on the wireless power

transfer system
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3.2.1 Simulation Results of the Frequency Splitting Phenomenon at Fr=10
MHz.
The equation used by (ADS) program to show the Efficiency curve is shown
below. Where S21 is s-parameter.

Eff =100 = ((magS21) * mag(521)) oo cve vee v wee. (3 = 1)

Where
R1,R2=05Q
C1,C2=12.67 PF

Figure 3.3 shows that the efficiency is approximately 62 % at a resonance
frequency equals to 10 MHz, and coupling factor equals to 0.02 at under

coupled situation which is one of the three situations of FSP discussed in

chapter 2.
m2
frea=10,90MHz =P eff=100"(mag(S21)*mag(S21))
100
QD—_
SD—_
70— m2
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= s0—|
40
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20;
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9.0 95 10.0 105 1.0
freq, MHz

Figure 3.3 Efficiency for under coupled range at K=0.02, Fr=10 MHz.

It can be noted from figure 3.4, the increase in the efficiency of the power
transmitter in critical coupled situations is equal to 98 % at K = 0.04, Fr
=10 MHz. where K is the coupling factor, and Fr is the resonance

frequency.
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Figure 3.4 Efficiency for critical coupled range at K=0.04, Fr=10 MHz.

It is noted from figure 3.5 that there is a drop in efficiency at the

resonance frequency, where it is equal to 93 % as shown in figure 4.5 and

the higher value at the two new-sided frequencies 9.5 and 10.5 MHz.

m2
freq=10.00MHz
eff=93.496

100

e eff=100*(mag(S21)*mag(S21))
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80}
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ﬁﬂ;
50—
40
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freq, MHZ

Figure 3.5 Efficiency for over coupled range at K=0.05, Fr=10 MHz.

Figures 3.3, 3.4 and 3.5 show the three situations of coupling and can be

noted the high effect of coupling coefficient changing in values on the

power transmitted efficiency (PTE). The efficiency becomes at lower

values at under coupled range where better PTE is at critical coupled value,
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and the splitting in frequency and power sharped at over coupled range
which is considered the worst situation for the system because the power

transmitted is becomes at lower values.

Table 3.1 shows the summarized results at Fr=10 MHz of maximum
efficiency values at coupling factor values including under coupled, over-

coupled, and critical coupled.

Table 3.1 Maximum efficiency at three coupling situation at Fr=10 MHz.

Coupling Max
Situation Coe(flil)clnt Efficiency(n)% Frequency
Under coupled 0.02 62 10 MHz
Under coupled 0.03 90 10 MHz
Critical coupled 0.04 98 10 MHz
97
Over coupled (FSP) 0.05 8.18 MHz
98 14.14 MHz
18.42 MHz
Over coupled 0.07 7.8
98 7.66 MHz

From Table 3.1 can be noticed, that at under coupled range when K =
0.03 the maximum efficiency is 90%, and when K is decreased to 0.02, the
maximum efficiency is 63%, where the coupling at this situation is weak
so the system efficiency is decreased. At the critical coupled range when
k=0.04, the maximum efficiency is 98%. The over coupled range is from
above K= 0.04 to 1 where the maximum efficiency is at two new sided

frequency.

3.2.2 Simulation Results of the FSP at Fr=20 MHz.
In this section the three situation of FSP had been shown to compare

between the situations of the previous section at Fr=20 MHz.
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Where
R1,R2=05Q
C1,C2=3.16 PF

Figure 3.6 show the critical coupled situation where the efficiency is at the
higher value at Fr =20 MHz equal to 98 %.
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Figure 3.6 Efficiency for critical coupled range at K=0.02, Fr=20 MHz.

Figure 3.7 can show the over coupled situation where the splitting occurs
that make efficiency approximately 85 % at resonance frequency whereas
the higher frequency is at two new sided of resonance frequency at F=19.7
and 20.3 MHz.
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Figure 3.7 Efficiency for over coupled range at K=0.03, Fr=20 MHz.
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Table 3.2 shows the summary of three situations at Fr=20 MHz. where it
notice that the critical couples at K= 0.02 and the splitting becomes at
K=0.03, whilst the splitting occur at Fr= 10 MHZ at K=0.05, which it
meant the splitting in frequency occur at Fr= 20 MHz at coupling value
lower than Fr=10MHz.

Table 3.2 Maximum efficiency at three coupling situation at Fr=20 MHz.

Coupling Max
Situations Coefficint | Efficiency(n) Frequency
(K) %
Under coupled 0.01 62.38 20 MHz
Critical coupled 0.02 98 20 MHz
98 19.78 MHz
Over coupled 0.03
97.9 20.24 MHz
16.34 MHz
Over coupled 0.5 7.8
98 28.8 MHz

3.2.3 Simulation Results of the Frequency Splitting Phenomenon at Fr= 30
MHz.
In this section also the situation had been shown to compare the results
between the three sections to know the effect of frequency increase on the

system and when the splitting occur.

Where R1,R2 =0.5 Q

C1,C2=141PF

It can be noted from figure 4.8 that the efficiency is equal to 97.9 % at
K=0.013 for critical damp range which arrives to critical value at a lower

coupling coefficient value compared to the two sections of Fr=10 and 20
MHz.
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Figure 3.8 Efficiency for critical coupled range at K=0.013, Fr=30
MHz.

Figure 3.9 shows the splitting in frequency that occurred at K= 0.02 and
the power transmitter efficiency dropped to 86 % where the high efficiency
at the two new frequencies where Fr= 29.8 and 30.4 MHz = 98 and 97.7

respectively.
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Figure 3.9 Efficiency for over coupled range at K= 0.02, Fr=30 MHz.
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4.4

It can be noticed from Table 3.3 that the under coupled range becomes
K=0.01 and max efficiency= 90 where the critical coupled range is at 0.013
and the max frequency is = 98, and the over coupled starts from 0.013 to 1.
The over coupled starts from a lower value of K than the other cases listed
above which are at Fr=10 MHz and 20 MHz and this effect increases

efficiency, figure 3.10 summarizes the results of the three cases briefly.

Table 3.3 Maximum efficiency at three coupling situations at Fr=30 MHz.

Situations Cougling AL Frequenc
Coefficient (K) Efficiency(n)% q y
Under coupled 0.01 90 30 MHz
Critical 0.013 98 30 MHz
coupled
98 29.86 MHz
Over coupled 0.02
97.7 30 MHz
98 29.68 MHz
Over coupled 0.03
97 30.48 MHz
25.4 MHz
Over coupled 0.4 7.9
98 38.8 MHz

Comparison Results among three Frequencies 10, 20 and 30 MHz.

To clarify the results of the three sections and compare them, the
frequency splitting phenomenon and the effect of this phenomenon on the

system must be clarified.

It can be noted from figure 3.10 that the coupling coefficient at three
frequencies: at Fr= 10 MHz the splitting in Frequency occurs at K=0.05, and
when Fr=20 MHz the splitting in frequency occurs at K= 0.03, and at Fr= 30
MHz the drop of efficiency and splitting frequency occurs at K= 0.02.
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In brief this result means, whenever the frequency of the system increases, the

splitting in frequency will occurs at lower K.

30M

Frequency Hz
=
z

oM

0 0.01 0.02 0.03 0.04 0.05 0.06
Coupling Coefficient

Figure 3.10 The splitting in frequency among 10, 20 and 30MHz.

The results shows the effect of the changing frequency on the system
performance which leads to an effect on the system efficiency. Increasing
and decreasing in frequency can affect the system performance. Therefore,
when designing a WPT system, the choice of appropriate frequency of the
circuit should be considered. The impact of splitting frequency on the
system is when the frequency increases, which leads to the appearing of the
FSP at a lower coupling coefficient than higher frequencies. This means
that the critical coupling value of the system does not depend just on the

circuit parameter but on the frequency of the system.
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3.3 Colils Parameter Design of WPT Charging System.

The selection of coils parameter had been chosen depending on
familiar smartphones dimension to be compatible with them Table 3.1
shows the parameters that had been used to design coils for WPT system.
Figure 3.3 illustrates the dimensions of the coils, one of the coils is for the
charger device and the other is for the smartphone device. The transmitter
and receiver coil that have been injected into the charger and the receiver
such as smartphone is shown in figure 3.2 which it is parameter designed in
this study by MATLAB program.

Figure 3.11 Coil for wireless charging.

Coil length T1

=
-~
ﬂ W. Coil width

(3  Gap between coils

—=.

T2

H\A

Figure 3.12 Diagram illustrates the notations used for the coils design.
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Table 3.4 Parameters of the Smartphone Charging System Caoils.

Parameters Values
TX, RX coil length (T1,T2) 200mm, 185mm
Coils width (W) 60mm
Number of turns (N1,N2) 12,12 turns
The gap between coils (G) 30 mm

3.2.1 Circuit Parameter Calculation

To get the values of inductance by calculations for the coil that had been

designed, the expressions described below can be used.

% Find L1 L2

L1
=uo/pi * N1"2*W *log(2«*T1 W /(R1* (W + sqrt(T1"2
+ W*"2)))) +u0/pi * N1*2 % (T1 * log(2 *T1
* W /(R1*(T1+ sqrt(T1"2 + W"2)))) —2* (W
+T1—sqrt(W"2+T1"2))) +uo * N1"2 * (T1
+ W)/ (4 * pi);
L2

=uo/pi* N2"2*W *log(2 T2 W [(R2 x (W + sqrt(T2"2
+ W*"2)))) +u0/pi * N2*2 * (T2 * log(2 * T2
*W/(R2 x (T2 + sqrt(T2"2 +W"2))) — 2+« (W
+ T2 —sqrt(W"2 4+ T2"2))) + uo * N2*2 * (T2
+ W)/ (4 * pi)
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% Mutual inductance
Ml=( (u0/pi) *N1*N2*a*log(sart ((G~2)+(W~2)}/G));

The resistive values of coil windings can be calculated by:

% Find Resistance of the coils Resl and Res2
Resl=((1/57)*N1* ((2* (T1+W))/S1)); % resistive value of the windings
Res2=((1/57)*N2* ((2* (T2+W))/S2)); % resistive value of the windings

Where

S1,S2: is the cross section of the coils
R1,R2 :Radius of coils windings.

W :Coils width

T1,T2: Coils length.

no: Permeability of the air =4n*10" ;.
N1,N2: Turn ratio

3.2.2 Resonance Frequency Calculation Code:

To get high power efficiency, the operation frequency should be at

resonance, which leads to reducing the reactance.

Fr = :
— 2+m+/L.C (1)
% Second way to calculate the resonance frequency
wo=(1/sgrt (L1*Cl));

Where the C1, C2 must be chosen to be compatible with resonance
frequency of the transmitter and receiver coil to achieve a good matching

and the maximum power transfer efficiency.
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% Find C1 and C2
C1=1/((2*pi*f)~2*L1); % Capacitor 1
Cc2=1/((2*pi*f)~2*L2); % Capacitor 2

Where Fr : Resonance frequency
C1,C2: Capacitance of the primary and secondary coil
L1, L2: Inductance of the primary and secondary coil.

W, is angular frequency = 2*pi*Fr.

3.3 WPT Proposed Design of Smartphone Charging Application

Fig 3.13 shown the full structure design of WPT in MATLAB Simulation

where all the stages discussed above in details. The transmitter stage is
considered the charger and the receiver is the device such as smartphones
which is the device discussed in this thesis. This system works in the form
of transmitting the DC voltage to the load or smartphones to charge the
battery of load by Vpc=5V , Ipc=2A, P(power)=10W.

The first step of the system is to supply a DC voltage from the source.
After that the inverter (DC-AC) is located on the first stage at the primary
side of the system which is supplied by the DC voltage from the source to
generate the AC voltage and current. After that an AC current is induced in
the primary coil which cause flowing an AC current in the secondary coil.
Then the AC current and voltage in the secondary side is converted into DC
current and voltage by the rectifier (full bridge) which exists before the

load where the capacitance in the load is for smoothing DC signal,
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Finally the DC current and voltage is transmitted to the load or the
smartphones to supply the device with a power to be charging.
This system operation is to transmit power when Dc voltage is

supplied.

The familiar parameters that can effect on WPT system and hinder
performance or efficiency of the system are:

e Distance.

e Frequency.

¢ Inductance and capacitance values.

These parameters that affect the system are explained to clarify the
effect of each one on the system performance to choose the appropriate
values. In the next chapter the results and comparisons of the thesis

parameters effect are shown.
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A WPT system which is composed of two stages, transmitter and
receiver is designed and simulated by MATLAB program with various
frequencies and distances because of the importance of this parameter in
improving the efficiency of the circuit. The first stage consists of Dc source
and inverter to convert the DC signals into AC signals to move through Tx
coil.

The receiver side consists of a secondary coil which receives the AC
current and the bridge rectifier which converts the AC current into Dc
current to be compatible with smartphones application because this device

Is charged only by DC.

In the transmitter side the type of inverter that used is half bridge which
contains two switches. The type of switches are MOSFET which are more
suitable for low current and voltage. In this study the voltage and current
need is not high.

In the receiver side, the rectifier of bridge type with four diodes and Dc link
capacitor at load is used to convert the AC signals (voltage, current) into
DC signals and the capacitor’s function is to smooth the voltage at output.
The target of this design is to get a 5V, 2A which leads to 10 W needed to
charge some smart phones. So this result can be obtained depending on
system parameter design that have been used, the frequency and the
physical parameters such as distance coils specifications. So, all these
parameter taken into account when designing the coils and all system. The
system sections had been explained briefly in the next figures to know the
utility of every part. Figure 3.6 shows the input stage of the system where
the input voltage is DC and the capacitors instead of two DC source voltage

at input.
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3.4 Simulation Results of the Frequency Variation Effect.

The frequency has a high effect on the WPT system design. In this section,
a WPT circuit had been designed and simulated by Matlab program. The

parameters that had been used are shown in Table 3..

Table 3.5 Parameters of the WPT circuit of frequency
variation simulation.

Parameter Value
Inductance (L1) 25 uH
Inductance (L2) 21 pH

Resonance Frequency (Fr) 70 to 100 KHz
Distance 30 mm

The circuit is designed as shown in Fig 3.14 where different frequencies
are used to the system to compare between the results and to shows the
effect of the frequency variation on the system performance to achieve
5Vand 2A.

Figure 3.12 shows the primary AC voltage and the current of the system
after entering the inverter ( inverter used to convert the DC to AC signal
).

This figure also shows that the current and voltage are approximately
1.5A, and 12.88 Vpick whereas these values changes on the secondary

side as shown in figure 4.10
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Voltage Measurement12
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Time (s i)

Figure. 3.14 Output of inverter I, V at Fr= 100 KHz.

Figure 3.13 shows the change in voltage and current values which are
become 6V, 2.5A, that means the voltage is reduced and the current is
increased. These signals will then enter into the rectifier to be converted

into DC signals.

‘, m—— Current Measurement17
Voltage Measurement12
I I

Current (A), Voltage (V)

1 L 1 1 1 | 1
0027915 0.02792 0.027925 0.02793 0.027935 002794 0.027945

Time( s )

Figure 3.15 Current and voltage of the secondary coil at Fr= 100 KHz.

Figures 3.16 and 3.17 summarizes the change in current and voltage at the
primary side at Fr =70 to 100 KHz.

51



Moreover, figure 3.16 clarify the changes in current at the input stage

where the current is decreasing with the increasing of input resonance
frequency.

221

Current (A)

7 75 8 8.5 9 9.5 10
Frequency (Hz) x10*

Figure 3.16 The current changing of the input stage
at Fr from 70 to 100 KHz.
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w

Voltage (V)
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—
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Frequency (Hz) x10*

Figure 3.17 The voltage changing of the input stage
at Fr from 70 to100 KHz .
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The voltage is increased in the input stage with the increase in frequency
due to the relation between current and voltage which is, when the current
decrease leads to needs voltage increasing as shown in figures 3.16, 3.17 to

still get the required results in output .

3.5 Simulation Results of the Distance Variation Effect.

As discussed, many parameters can affect the system's performance.
Distance also has an influence. In this section, the effect of distance
variation on the system performance was simulated by MAT LAB program
and the results show the effect of distance variation on the system such as
on coupling coefficient and mutual inductance which will effect the system

efficiency.

Coupling coefficient and mutual inductance have a major effect on
the system where the weak coupling between two coils leads to a decrease
the power transmission. So, the distance is an important parameter that

should be considered when designing a system.

The system parameters shown in Table 3.6 are designed and chosen
depend on on the dimension of the familiar smartphone specification to be

compatible with them.
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Table 3.6 Parameters of the smartphone charger proposed

design.
Parameter Value
TX coil length 200mm
RX coil length 185mm
Coils width 60mm
Coil inductance
L1 33 uH
Coil inductance L2 23 uH
Resonance frequency 50 t0100 KHz
Number of turns (N1) 12
Number of turns 12
(N2)
The gap between coils 30 mm

Figures 3.18 and 3.19 show the effect of distance variation on the coupling
coefficient and mutual inductance.

o|IIII
15 20 25 35 40 45 50 55 60 65

30
Figure 3.18 Mutual inductance at distance from 20 to 60mm
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It can be noticed from figure 3.18 the mutual inductance is highly effective
at the distance from 20 to 60 mm when the distance between two coils of
the WPT system is increased leading to a decrease in the mutual inductance

between coils.

Figure 3.19 explains the effect of the coupling coefficient when the
distance is changed between 20 to 60 mm and this figure shows that the
coupling coefficient is increased when the distance is decreased which

means that there is a nonlinear relation between K and distance.

0.5
0.4
03

0.2

o1t H

20 30 40 50 60
Distance (mm)

Coupling coefficient

Figure 3.19 Coupling coefficient at distance from 20 to 60mm.

The summary of figures 3.18 and 3.19 explains the effect of distance
variation on the system performance, where coupling coefficient and
mutual inductance can highly affect efficiency and power transmission.
The increase in distance leads to reducing the mutual inductance and
coupling coefficient (K) where K is a portion of magnetic flux generated
by the current in primary coil linked to the secondary coil, where
increasing the distance mean the magnetic field is reduced and then the

power transmitted efficiency (PTE) is reduced.
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3.6  Simulation Results of WPT for Smartphone charging System
The parameters that used are the same as in Table 3.6, where in this section
the frequencies that used are from 50 to 100 KHz to choose the best

resonance frequency (Fr) of higher power transmitter efficiency.

Where the required results in this thesis are to charge a smartphone battery
at 10 W with 5V and 2A.

3.6.1 Simulation Results of WPT for Smartphone charging System at Fr =50
KHz
Figures 3.20 - 3.22 are the signals of voltage and current. These results are
shown to compare the values with the other frequencies in the next section
to choose the acceptable frequency and other parameters of the design to

obtain the required results.

Figure 3.20 shows the MOSFET current at the primary stage the which is
equal to 3A. This current then enter to the inverter to convert it to an Ac

signal.

Current (A)

0.13383 0.13384 0.13385 0.13386 0.13387 0.13388 0.13389 0.1339

Time (s)

Figure 3.20 MOSFET current at Fr= 50 KHz.
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Current (A), Voltage (V)

Figure 3.21 shows the Ac current and voltage at the input stage which are

the output of inverter at Fr=50 KHz

I I I 1 I T‘
Current Measurement17
-5 Voltage Measurement12
| 10
5 _
N N VN N /N N |
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=20 £ | 1 | ] | I .
0.10404 0.10406 0.10408 0.1041 0.10412 0.10414
Time (s)

Figure 3.21 Signals of current and voltage at the primary stage of WPT

Figure 3.22

system at Fr=50 KHz.

shows the AC signal of the current and voltage after being

transmitted to the secondary coil where there is a small change in values

due to the losses at the transmitting operation.

T T T T T —T
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s

Voltage Measurement12 [

\/\/\/\

Current Measurement17

N

Current (A), Voltage (V)
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0.11846 0.11847 0.11848 0.11849 0.1185 0.11851 0.11852

Time (s)

Figure 3.22 Signals of current and voltage at the secondary stage of

WPT system at Fr=50 KHz.
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3.6.2 Simulation Results of WPT for Smartphone charging System at Fr
=60 KHz.

In this section, the current of the input stage is shown and the current and
voltage of the primary and secondary stage of the circuit at resonance
frequency which is equal to 60 KHz are shown in figures 3.23, 3.24 and
3.25.

Figure 3.23 can show that the MOSFET current has been decreased to 2.5

A due to the increase in frequency.

&3
Py — I l | \ I I | ]
g /\ /\ /\ /\
c
Q
=
= 0 ¥ L] ¥ r
o
V] — \ | | | I | | \ [ |
982 983 9.4 985 986 087 9.6 989 99 991 9.92
x10°
Time (s)
Figure 3.23 MOSFET current at Fr=60 KHz.
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s 3 | °f ‘ :
S m
= |7
E -10 - T
@
= A5 -
()
=20 &= 1
0.10656 0.10658 0.1066 0.10662 0.10664 0.10666

Time (ms)

Figure 3.22 Signals of current and voltage at the primary stage of
WPT system at Fr=60 KHz.
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The current and voltage after entering into the inverter are converted into Ac
signals where the signals in figure 3.22 and the changing in values as the

frequency increase can be noted.

Figure 3.23 shows the voltage and current at the receiver stage which are
the Ac signals before entering the rectifier to be changed over to Dc

signals.
|

[ I I I = Curent Measurement16
6 F=—! : | . : | = |~  Voltage Measurement13

W 2 [ | I I [ I I T 1 .
[=1s]
£ L | | | [ | | | | i
E 0
>
g |_2 - } { 1 1 1 . 1 1 -
= Ll | ‘ | | ‘ | | 4
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-
5
o |6 T
1 1 | l 1 | | 1
| 0.08399 0.084 0.08401 0.08402 0.08403 0.08404 0.08405 0.08406
Time (s)

Figure 3.23 Signals of current and voltage at the secondary stage of
WPT system at Fr=60 KHz.

3.6.3 Simulation Results of WPT for Smartphone charging System at Fr
=70 KHz.
At Fr= 70 KHz can be noticed from figure 3.26 that the MOSFET
(input) current becomes lyicx =2.12 A whereas at Fr= 60 KHz the I,4=2.5

which is still decreasing in its value due to the frequency changing .

NANNNNN

2+ 1 1 1 1 1 1 4 1 1 -
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o
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Time (s)

Figure 3.26 MOSFET current at Fr= 70 KHz.
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It can be noticed from figure 3.27 that the AC current and voltage at the
Fr=70 KHz and the changes in values from the primary stage to the
secondary stage take place as shown in figure 3.28, where this changes in

values are due to the losses when transmitting from one coil to another
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R ] i - ' ' ' Current Measurement17 |
=== \/oltage Measurement2
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Current {A), Voltage (V)

10 1 1 1 -

i I I I | I | | 1
0.17419 0.1742 0.17421 0.17422 0.17423 0.17424 0.17425 0.17426 0.17427

Time (ms)

Figure 3.27 Signals of current and voltage at the primary stage of
WPT system at Fr=70 KHz.
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Figure 3.28 Signals of current and voltage at the secondary stage of WPT
system at Fr=70 KHz.
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3.6.4 Simulation Results of WPT for Smartphone charging System at Fr
=80 KHz.

At a resonance frequency equal to 80 KHz, the MOSFET current signal is
shown in figure 3.29, and the current and voltage of the transmitter and

receiving stage are shown in figures 3.30 and 3.31.

Figure 4.24 shows the input current is equal to 1.87A from this value
that the current is decreased as the frequency increased can be seen which

Is considered a nonlinear relationship.

3 1 ! | ! 1 ! 1 ! -

NNNANNNAS

A ! ! ! ! ! ! ! ! 4 !

Current (A)

0.08048  0.08049  0.0805 008051 008052 0.08053 0.08054 0.08055 0.08056

Time (s)
Figure 3.29 MOSFET current at Fr= 80 KHz.

Figures 3.30 and 3.31 show the AC current and voltage of the system at
TX side and Rx side, where the voltage is decreased in the secondary side
and the current increased. This change in values is for obtaining the

required results.
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Figure 3.30 Signals of current and voltage at the primary stage of
WPT system at Fr= 80 KHz.
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Figure 3.31 Signals of current and voltage at the secondary stage of WPT
system at Fr=80 KHz.

3.6.5 Simulation Results of WPT for Smartphone charging System at Fr
=100 KHz

In this section at resonance frequency equal to 100 KHz the required
results with an acceptable efficiency compared to other sections are

obtained.
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It can be noticed that the current is decreased in value from 3 A at 50 KHz
to 1.45A at 100 KHz as shown in figure 3.32. This decrease in current leads
to an increase in the input voltage to compensate for the decreasing in input

current as shown in Table 3.7.

T T T T T T E
3 1 1 1 1 1 -

AN AN AN AN AN AN

A1 | | | | -

Current (A)

-_2 | - + . . . . — |
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0.09875 0.09876 0.09877 0.09878 0.09879 0.0988

Time (s)
Figure 3. 32 MOSFET current at Fr=100 KHz.
It can be noticed from figures 3.33 and 3.34 that the changes in the current
and voltage values where these changes are due to the frequency and input

voltage changing
3|
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Current (A), Voltage(V)
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Figure 3. 33 Signals of current and voltage at the primary stage of

WPT system at Fr= 100 KHz.
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Figure 3.34 Signals of current and voltage at the secondary stage of

WPT system at Fr=100 KHz.

3.7 Results for Charging Smartphone Battery at Fr=100KHz..

The required results for this study is to obtain a 10W with 5V, 2A at the

output for each frequency with acceptable efficiency and the results

obtained are shown in the figures 3.36 and 3.37. The output current (load

current) is DC signal equal to 2A and the output voltage(load voltage) is

DC signal equal to 5V then the result is to get power equal to 10W.

Current (A)

T T T T T T T T T

1.5

05

Il 1 1 L 1 1 1 1 1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

Time (s)

Figure 3. 36 Output Dc Current at Fr=100 KHz.
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Figure 3. 37 Output Dc voltage at Fr=100 KHz.

The results in figures 3.36, 3.37 which are the voltage and current and the
better results had been reached are at 100 KHz, because the efficiency for
transmitting power is better and acceptable compared to the other
frequencies, and the required system design is to get 10W for charging
smartphone battery at better efficiency as shown in figure 3. 39.

Table 3.7 shows the results of the input and output current, input and
output voltage and the input and output power at various frequencies. The
resonance frequency is from 50 to 100 KHz and the change in power

transmission at each resonance frequency can be noticed.

In the end, the results that had been reached is that the better power
transmission is at 100 KHz compared to other frequencies values from 50-
80 KHz. The efficiency variation of the system is shown and discussed in

figure 3.33.
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3.8 Results Discussion
Table 3.7 shows the obtained results of proposed charging system and it
can be noticed that changing in resonance frequency effect on the input and
current sources then the input power also effected. To obtain the required
results a comparison among 5 frequencies values was used to choose the
better system performance at the specific frequency. The summarize from
table 3.7 that the better system performance and efficiency can obtained is

at frequency equal to 100 KHz.

Table 3.7 Results of the smartphone charging proposed design.

Frequency (rlrir?s) Vin | lout| Vout Pin Pout
(KHz) (A) VM @AV (W) (W)
50 2.12 6.6 2 3) 13.99 10
60 1.76 7.83 2 5 13.81 10
70 1.49 9.2 2 3) 13.708 10
80 1.3 10.4 2 5 13.52 10
100 1.02 12.9 2 5 13.185 10

It can be noticed from figure 3.38 the decrease in input current value from
2.12A at 50 KHz to 1.02A at 100 KHz as the frequency increases where
this leads to needing to increase the input voltage to compensate for the
decreasing in current as shown in figure 4.33. The voltage is increased
from 6.6V at 50 KHz to 12.9V at 100 KHz.
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Figure 3.38 Input applied current and voltage at
resonance frequency changing .

Figure 3.39 clarifies the efficiency at each resonance frequency from 50 to
100 KHz and the effect of frequency variation on the power transmitter
efficiency ( PTE) can be noticed. Table 3.7 and figure 3.39 shows that at
resonance frequency of 100 KHz it is the better choice for designing the
WPT system for charging smartphones applications where the efficiency is

equal to 76 %.
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Figure 3. 39 Efficiency at resonance frequency from 50 to 100 KHz.
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Figure 3.40 shows the effect of distance on the efficiency, when the
distance increase the magnetic flux between two coils decrease which lead
to decrease the mutual coupling between two coils then the power

transmitted from the primary to the secondary coil is decrease and PTE is
decrease.
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Figure 3. 40 Efficiency at different distances.
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CHAPTER FOUR

Conclusions and Future Works

5.1 Conclusions
Resonance inductive coupling WPT  system has been designed and

simulated for charging smartphone applications.

There are many parameters that have an influence on the system efficiency.
they are, the distance between coils, coupling factor, turn ratio, and
resonance frequency. The switch inverter used is MOSFET because its
suitable for low current and voltage. An appropriate resonance frequency
and distance had been chosen to achieve the appropriate power transmitter
efficiency which are 100KHz at 30mm . The design and simulation of the
smartphone charger had been accomplished by MATLAB program.

The following are the points that had been reached and summarized in this

thesis.

e |f the distance between coils decreases, the coupling factor
increases and the mutual inductance between coils is also
increased. When the mutual between coils is high, the transmitted
power between circuits becomes higher.

e Power transmitter efficiency can be improved when choosing the
appropriate component values, resonance frequency and the
physical, because the efficiency of the system depends on the
closeness of the coils and the resonance frequency used in the
circuit.

e MOSFET switch was used because it is suitable for low voltage
operation.

e The performance of the Circuit design depends on the parameter

that has been used such as inductance, turn ratio, compensation
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circuit, resonance frequency, and the physical building which is

the distance between coils.

e To charge the battery of smartphones, it need to consider the
inputs and outputs power, voltage, and current variation because it
needs a fixed output power.

e The increase in resonance frequency needs to increase in voltage
source due to the current value decreasing to still get 10 W in the
output.

e FSP occurred when the coupling factor is not at a critical value and
exceeds this value .

5.2 Future Works

There are many ideas for WPT technology due to the features that can be
attractive for numerous applications and users from the ease of use to the
elimination complexity. So, it is important to develop this technique to

obtain the benefits from it.

The following are future works that can added to enhance to envelop

this study.

% This study can be practically implemented, but with some
different parameter values if it is not available in markets.

s The efficiency can be increased by using 4 coils stages when
designing the system.

% To charging more than device at the same time, more coils can

added on the transmitter device.
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% Adding a controller circuit to control the output voltage and
current to be use this design with other applications that needs

higher or lower voltages and also to be safe for all devices.
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