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Abstract

In this thesis, we have developed a wireless power transfer system for a space of
dimensions (15cm x 15cm x 15cm), utilizing a series-connected transmitter (Tx)
coil to generate an equally distributed electromagnetic field inside the space. This
field can be picked up by a solenoid receiver (Rx) coil placed anywhere within the
space to power a DC load. To develop the proposed system, we have studied a
conventional wireless power transfer system from Wurth Electronics and investi-
gated various coil geometries for both Tx and Rx.

The conventional wireless power system has been examined regarding the influ-
ence of coil geometry, alignment between the transmitter (Tx) and receiver (Rx),
as well as the coil parameters on e�ciency. The wireless power system from
Wurth Electronics is tested with di�erent Rx coil geometries to evaluate inter-
operability between various Tx and Rx coil geometries, as well as to compare
the coupling coe�cient and magnetic field density of di�erent Rx coil geome-
tries with misalignment in order to evaluate most suitable Rx coil geometry for
the proposed wireless power system. The di�erent Rx coil geometries investi-
gated are: concentric, solenoid, and center-tapped circular coil. The comparison
is based on di�erent alignment conditions between the transmitter and receiver
coils. We find, from the results obtained by investigating di�erent Rx coil geome-
tries with the conventional system, that the solenoid coil geometry with a core
provides a stable coupling coe�cient under various misalignment conditions.
Thus, the solenoid Rx geometry can be optimized to enhance coupling between
the transmitter and receiver coils. Additionally, test results show that the use of
center-tapped circular coils in wireless power power system helps in improving
range from 30mm to 180mm compared to conventional wireless power system
with concentric coils. However, the improved range is only achievable with sig-
nificantly higher number of coil turns compared to concentric coils which reduces
e�ciency. Also, a unique BJT based automatically switching transmitter circuit is
required for the center-tapped circular coils which makes it a non-viable solution
due to ine�ciency of the BJTs.

Further a suitable transmitter coil geometry is investigated for use in combination
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with the solenoid receiver to demonstrate the proposed wireless power system
within a space of dimensions (15 cm x 15 cm x 15 cm). Three di�erent transmitter
coils are investigated: the concentric coil, 2-series connected concentric coil, and
8-series connected concentric coil. A half-bridge transmitter circuit is designed to
drive the various transmitter coils. The experimental and simulation results indi-
cate that the concentric transmitter coil with a large diameter enhances high power
transfer and better range due to a more e�ective distribution of the magnetic field.

However, when using a solenoid receiver coil, the power transfer e�ciency drops
by 28% compared to the e�ciency of 75% under aligned operation. Conse-
quently, the concentric transmitter coil is designed with the coil turns distributed
into smaller areas, forming a 2-series connected coil. Test results reveal that it
was possible to transfer 10W of power at an e�ciency of 75% when the coils were
perfectly aligned. In contrast, when the coils were misaligned, power transfer
e�ciency of up to 48% was achieved. This is in contrast to the power transfer
e�ciency of 6% under misaligned conditions in the conventional wireless power
system.

The 2-series connected concentric Tx coil is then extended to an 8-series con-
nected concentric Tx coil to form a space of dimensions (15 cm x 15 cm x 15
cm) in combination with a solenoid Rx coil. Simulation results indicate that the
coupling coe�cient between Tx & Rx improved by approximately 11% and mea-
surement results show that power transfer e�ciency improved by 4% compared
to the 2-series connected concentric Tx coil. Similarly, when the solenoid Rx coil
was rotated or misaligned with the Tx coil, the e�ciency improved by approxi-
mately 33% compared to the 2-series connected concentric Tx coil. The increase
in e�ciency and coupling with Tx and Rx is mainly due to distribution of coil
turns into smaller areas and then connecting them in series which improved the
magnetic field distribution compared to other coil geometries. Hence, the 8-series
connected concentric coil as Tx and solenoid as Rx are selected as the suitable Tx
and Rx coils, respectively, for the proposed wireless power system. In comparison
to the conventional wireless power system, the e�ciency remains approximately
the same at 80% when the coils were perfectly aligned and e�ciency improved
by more than 60% when the coils were misaligned.

Keywords: Wireless power transfer, coil geometry, coil parameter, alignment,
coupling coe�cient, series connected concentric coil.
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1
Introduction

1.1 Background

The Wireless power transfer(WPT) is the transfer of electrical energy from a power
source to a distant electrical load without using discrete conductors. The wire-
less power system was �rst demonstrated in the 1890's by Nikola Tesla who laid
down the basic principles for the wireless power technology[1]. Tesla's idea of
wireless power transfer using high frequency magnetic coupling at resonance was
groundbreaking and was ahead of his time. However, due to fewer applications
of the wireless power technology and an underdeveloped power electronics sec-
tor became a restriction and set limitations in implementing the wireless power
technology[3].

The wireless power system is the transfer of electrical energy based on the funda-
mentals of time-varying electric, magnetic, or electromagnetic �elds. Today the
wireless power technology can be classi�ed into two major categories; near �eld
wireless power technology and far �eld wireless power technology. The wireless
power technology based on the resonant inductive coupling is the most popular
and has been used for mid and high power applications across di � erent indus-
tries. The resonant inductive coupling outperforms the other WPT techniques
in terms of power transfer e � ciency and capability, ease of control, and safety.
Therefore, the WPT �nds its application in electric vehicle charging solutions and
changing of portable electronics.

The conventional wireless power technologies based on the resonant inductive
coupling for charging the portable electronic devices and the electric vehicles use
identical coil geometries on the transmitter and the receiver side. In such wireless
power systems, it is required to align the receiver coil with the transmitter coil
perfectly in order to achieve better power transfer e � ciency and capability. The
low degree of freedom on the receiver side is inconvenient and does not make the
system true wireless since the receiver is bound to be placed at a certain location
in the vicinity of the transmitter. The other major challenges in the wireless power
are the e� ciency and range. The e� ciency drop in wireless power is due to a
number of reasons, like range, �ux leakage, losses in the power converter, and
coupling. The main challenge in achieving a greater range between the transmit-
ter and the receiver is due to the limited ability of the transmitter to distribute its
magnetic �elds over a long distance.
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1. Introduction

A method to improve the coupling between the transmitter and the receiver
coil is to utilize multiple coils on the transmitter to generate equally distributed
electromagnetic �eld which will enable power delivery to the receiver contained
anywhere in the vicinity of the transmitter. The equally distributed magnetic
�eld will improve the coupling between the transmitter and the receiver in all
alignment conditions and thereby improving the overall e � ciency of the wireless
power system.

In this thesis, the main objective of the thesis is to implement the wireless power
transfer in a room of dimension (3m X 3m X 2.5m), however the idea is demon-
strated in a test space of (15cm X 15cm X 15cm) which can be extended to a bigger
test space. We study a conventional wireless power system from Wurth Elec-
tronics to understand the working and challenges in the wireless power system.
The conventional wireless power system is then utilized to investigate suitable
Rx coil geometry. Further, a half-bridge Tx converter is designed to investigate
suitable Tx coil geometry. All the di � erent coil geometries investigated are tested
under aligned and misaligned condition. From the investigation of di � erent coil
geometries for Tx and Rx, a suitable Tx coil and a receiver coil are selected to
demonstrate the equal distribution of electromagnetic �eld in an enclosed space
which will enable better coupling with the receiver and improve the e � ciency of
power transfer.

1.2 Objective

The objective of the thesis is to determine the feasibility of using a wireless power
system to supply power to a DC electrical load in a space with dimensions of
(15cm x 15cm x 15cm) by generating an electromagnetic �eld in the space. In or-
der to achieve this objective, di � erent coil geometries will be tested to investigate
suitable transmitter and receiver coil geometries. Power transfer of up to 10W
will be demonstrated in the given space. A half-bridge transmitter circuit will be
developed to reduce losses in the power electronics that will drive the transmitter
coils to generate an electromagnetic �eld in the given space. Additionally, the
thesis will focus on improving the coupling factor between the transmitter and
the receiver coil and the e� ciency of power transfer.

In summary, the thesis will address the following research questions:
ˆ What is the best coil geometry for the transmitter and receiver to construct

the proposed wireless power transfer setup?
ˆ Is the center-tapped circular coil geometry suitable for wireless power trans-

fer?
ˆ Is it bene�cial to distribute Tx coil turns into smaller areas to improve cou-

pling with Rx?
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2
Theory

2.1 Wireless power transfer

Wireless power transfer (WPT) is the transfer of electrical power from a power
source to a load without wires and is based on technologies using time-varying
electric, magnetic, or electromagnetic �elds. The wireless power transfer works
based on the principle of electromagnetic induction. Faraday's laws of electro-
magnetic induction explains the relationship between the electric �eld and the
magnetic �eld. This law is the basic working principle of most of the electrical
motors, generators, transformers, inductors, etc. Faraday's law of electromagnetic
induction states that, "Whenever a conductor is placed in a varying magnetic �eld,
an electromotive force is induced". The induced voltage(EMF) is proportional to
the rate of change of magnetic �ux with the time and can be expressed as

" = � N
� �

� t
(2.1)

where " is the induced voltage, N is the number of turns, � � is the change in
magnetic �ux, and � t is the change in time.

Faraday's �rst law: Whenever a conductor is placed in a varying magnetic �eld
an EMF gets induced across the conductor (called as induced emf), and if the
conductor is a closed circuit then induced current �ows through it.

Faraday's second law: Faraday's second law of electromagnetic induction states
that, "the magnitude of induced emf is equal to the rate of change of �ux linkages
with the coil". The �ux linkages is the product of number of turns and the �ux
associated with the coil.

The minus sign in Faraday's law of induction is very important. The minus means
that the emf creates a current (I) and magnetic �eld (B) that oppose the change
in �ux ( � � ) which is known as Lenz's law. Lenz's law states that, "an induced
electric current �ows in a direction such that the current opposes the change that
induced it". Thus, Faraday's law of electromagnetic induction and Ampere's
circuit law is used to mathematically describe power transfer using resonant in-
ductive coupling.
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2. Theory

2.1.1 Maxwell's equations

The time varying magnetic �eld in the inductive power transfer plays an impor-
tant role. In time varying �elds, the electric �eld(E) and the magnetic �eld(H)
are closely related and mutually coupled. The electric �eld and magnetic �eld
together form an electromagnetic wave. Maxwell's equations provide a uni-
�ed mathematical relationship between the electrical and the magnetic �elds.
Maxwell's equations in integral form can be expressed as[1],

	

@v
D:da= Qv (2.2)

	

@v
B:da= 0 (2.3)

I

@A
E:ds= �

"

A

@B
@t

:da (2.4)

I

@A
H:ds=

"

A
(J+

@D
@t

):da (2.5)

where, E is electrical �eld intensity vector in (V /m), D is electrical �ux density
vector in (As /m2), H is magnetic �eld intensity vector in (A /m), B is magnetic �ux
density vector in (Wb /m2), and Jis current density in (A /m2).

Maxwell's equation expressed in (2.2) is also called as Gauss's law which describes
that the electrical �ux density( D) in an enclosed area(da) will have the same total
charge(Qv) which is withing the enclosed area. Gauss's law for magnetism is ex-
pressed in (2.3) and it describes that the enclosed area(da) has the same amount of
magnetic �ux lines( B) coming in and going out forming a closed loop and hence
no magnetic charge is built up at any point in space. In general, the net magnetic
�ux out of any closed surface is zero.

Faraday's law of magnetic induction is expressed in (2.4) and describes that the
time changing magnetic �eld(B) generates an electrical �eld( E) or it can be de-
scribed as the line integral of the electric �eld around a closed loop is equal to the
negative of the rate of change of the magnetic �ux through the area enclosed by
the loop. Eq(2.5) is also called Ampere's law which describes that the magnetic
�eld intensity( H) integrated along a closed area is equal to the current �owing
through the surface enclosed by the area.

2.1.2 Magnetic �ux density and induced voltage

The electric �eld is produced by the static charges while the magnetic �eld is
produced by the moving electric charges. The generation of the magnetic �eld
around a current carrying conductor can be explained by Ampere's law. The
direction of the magnetic �eld around a conductor can be identi�ed using the
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2. Theory

right hand rule. If the thumb is pointed towards the direction of the current then
the �ngers curl in the direction of the magnetic �eld. The magnetic �eld produced
by a current carrying circular coil is shown in �gure 2.1.

Figure 2.1: Magnetic �ux generated by a current carrying circular coil

The magnetic �eld produced by the current carrying conductor can be described
using Biot-Savart law. The magnetic �eld at any point in space produced by a
current carrying conductor can be calculated using Biot-Savart equation,

B = �
�

4�

I

l

Idlr̂
r2

(2.6)

where I is the current �owing in the circuilar coil, dl is current element, r is referred
to the displacement vector from the current element to a point where the magnetic
�eld is calculated, r̂ is the unit vector of r, � is the permeability, and ais the radius
of the circular coil.

Biot-Savart law states that a segement of the current carrying conductor produces
a magnetic �eld and this segment is called the current element which is a vector
quantity. From (2.6) it is also evident that the magnetic �eld( db) is proportional
to the current �owing in the coil segment( dl). Biot-Savart equation can also be
used to calculate the magnetic �eld at any point p on the axis of the circular coil
of radius a and current I at a distance of x as shown in �gure 2.1 which can be
expressed as

B =
2� � NIa2

4� (x2 + a2)
3
2

(2.7)

where N is the number of turns, I is the current in each turn, and x is the distance
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2. Theory

from the center of the coil to the point p where the magnetic �eld B is calculated.

The magnetic �ux density at the center of the coil can be expressed using (2.7) by
substituting x=0 and we get,

B =
� 0NI

2a
(2.8)

In conclusion, the relationship between the magnetic �eld db generated by the
current element dl with current I can be expressed as

dB /
Idl sin �

r2
(2.9)

where � is the angle between the displacement vector r and direction of current
in the current element dl.

Faraday's law of electromagnetic induction states that the changing magnetic �eld
produces an electric �eld E. Consider another circular coil is introduced in �gure
2.1 as shown in �gure 2.2.

Figure 2.2: Magnetic �ux between two circular coils

In �gure 2.2, current I1 �ows in the Tx coil and generates a magnetic �ux. Ac-
cording to the law of electromagnetic induction, the generated �ux linking with
the Rx coil induces voltage in it. The Tx and the Rx coil are separated by an air
gap and hence only a part of the magnetic �ux generated by the Tx links with the
Rx coil which is referred to as � m. The total magnetic �ux linked with the Rx coil
can be expressed as

� m =
Z

a
Bda (2.10)
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2. Theory

where B is the total magnetic �ux density generated by the Tx coil and ais the total
surface area of the Rx coil. The induced voltage in the Rx coil can be expressed as

E(t) = �
d� m

dt
(2.11)

If the Rx coil consists of N turns and � m is the �ux through one turn, an emf is
produced in all the turns and can be expressed as

E(t) = � N
d� m

dt
(2.12)

In conclusion, the induced voltage depends on the following factors:
ˆ Increasing the number of turns on the receiver coil induces higher voltage

as the area of the conductor linking with the �ux lines increases[6].
ˆ Increasing the strength of the magnetic �eld generated by the Tx coil induces

more voltage in the Rx coil.
ˆ Increasing the radius of the coil induces higher voltage because area is

directly proportional to the induced voltage[6].
ˆ The induced voltage can be improved by using stranded wires for operation

at high frequency to reduce AC resistance thereby reducing the voltage drop
in the coil.

2.1.3 Types of wireless power transfer systems

There are di� erent technologies for transmitting the electrical energy by means of
electro-magnetic waves. The wireless power system can be divided based on the
electromagnetic principle used as shown in �gure 2.3.

Figure 2.3: Di � erent types of wireless power systems

7



2. Theory

The wireless power technology is mainly classi�ed based on the distance of power
transmission, maximum power, and method used to achieve the wireless power
transfer. The �rst classi�cation is based on how far the electrical power can be
transferred from the source to the load without any physical contact. There are
methods capable of transferring power to loads at large distance away from the
source while the other methods could only transfer power to the load at a distance
of few centimeters from the source. Hence, the �rst division is based on whether
the power transfer is of near �eld or far �eld.

2.1.3.1 Near �eld technology(NFT)

The near �eld power transfer is a non-radiative power transfer technology where
the phenomenon used is the electromagnetic induction. The near �eld technology
is subdivided as

ˆ Electromagnetic induction
ˆ Electromagnetic resonance
ˆ Electrostatic induction

In electromagnetic induction, the power transfer takes place through mutual cou-
pling with the coils tightly coupled. The WPT with the electromagnetic induction
works up to a distance of 1 /6 of the wavelength of the transmission frequency[1].
The WPT using electromagnetic resonance has largely extended the potential of
NFT. In this method, a capacitor is either connected in series or in parallel com-
bination to the coils to form a resonant LC tank. The transmitter and the receiver
are made to resonate at the same frequency, maximizing the power transfer to
the load. The electrostatic induction is a method where the electric �eld acts as
the energy carrier medium. The electrostatic induction is also called as capaci-
tive coupling since the power is transferred between two electrodes that forms a
capacitance[1].

2.1.3.2 Far �eld technology(FFT)

The far �eld power transfer is a radiative power transfer technology where the
phenomenon used is the electromagnetic radiation and the power can be delivered
to a load far away from the source. The electromagnetic radiation can be concen-
trated to a focal point enabling wireless power transfer over longer distance. The
two most popular methods of far �eld technology are

ˆ Micro wave power transmission
ˆ Laser power transmission

The microwave power transfer involves conversion of electrical power into mi-
crowaves and transfer of the microwaves using an antenna. The transferred
microwaves are then converted into electrical power at the receiver. The wireless
power technology using laser radiation is the transfer of photonic energy using
a laser in a form either as heat or electricity. The method used in the WPT using
laser radiation is same as the method used in the production of solar energy.
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2.1.4 Resonant inductive coupling

The basic building block of the wireless power system using the resonant induc-
tive coupling is the resonant circuit. A simple resonant circuit with an AC source,
transmitter coil, receiver coil, capacitor C1 and C2 connected in parallel to the Tx
and the Rx coil respectively, and a load R is shown in �gure 2.4.

The resonant inductive coupling is the transfer of electrical energy between two
coils that are tuned to resonant at the same frequency while the coils are coupled
together by a magnetic �eld. In the resonant inductive coupling, the energy in
the resonant circuit oscillates between electric energy stored in the capacitor and
magnetic energy stored in the inductor. The transmitter and the receiver coil are
connected with a capacitor either in series or in parallel combination to compen-
sate for the inductive reactance of the transmitter coil and the receiver coil. The
compensation of the inductive reactance in both the transmitter and the receiver
circuit forms the basic operating principle for the WPT using the resonant induc-
tive coupling and enables resonance in both the Tx and the Rx circuit.

The coils in the resonant inductive coupling can be loosely coupled and can trans-
fer power over a range of few times the coil diameters with high Q-factor of the
coils to maintain good e � ciency. The WPT using the resonant inductive cou-
pling improves the e � ciency of the power transfer drastically and improves the
power transfer range when compared to the WPT using non-resonant inductive
coupling.

Figure 2.4: Wireless power system using resonant inductive coupling

2.2 Resonant circuits

A simple resonating circuit consists of a resistor R, an inductor L and a capacitor
C, connected either in series or in parallel to an AC source with variable frequency.
The circuit is said to be at resonance when the frequecy of the power supply exactly
matches the natural frequency of the circuit's LC combination. The resonant
circuits are used in the power supply circuits to obtain high frequency output
voltage or current, low switching loss, and low switching noise. The resonant
circuits can be mainly classi�ed based on circuit topology as shown in �gure 2.5.
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Figure 2.5: Types of resonant circuits

In the series resonant circuit, the inductor and the capacitor are connected in se-
ries with the AC source where the inductive and capacitive reactances are equal
in magnitude ( XL = XC) and cancel each other as they are 180� apart in phase.
When the circuit is at resonance, it acts as a purely resistive circuit due to low or
zero impedance of the circuit and the value of the impedance therefore becomes
Z = R. The series resonant circuit is also called as an acceptor circuit because the
current �owing in the circuit is at its highest possible point and is in phase with
the applied voltage. Unlike series resonant circuit, the parallel resonant circuit
o� ers maximum impedance at resonance and limits the circuit current. The par-
allel resonant circuit is also called as the rejecter circuit because it suppresses the
circuit current whose frequency is equal to the resonant value.

The series and parallel resonant circuits with very low resistance will have sig-
ni�cant a � ect on the impedance at resonance and the resonant condition can be
easily calculated using the expression,

fr =
1

2�
p

LC
(2.13)

However, when a signi�cant value of resistance is added to an LC circuit, (2.13)
becomes invalid. The resistor can be added in a number of combination to the se-
ries or parallel resonant circuit. The series-parallel resonant circuit can be mainly
classi�ed as,

ˆ Series LC circuit with R in parallel
ˆ Parallel LC circuit with R in series

The added resistance in the LC circuit lead to an anti-resonance condition. At
anti-resonance, the a� ects of peak or low impedance occurs at frequencies other
than the frequency that gives equal inductive and capacitive reactances.

2.2.1 Parallel resonant circuit

In the parallel resonant circuit, the RLC components are connected in parallel
to the AC source and parallel resonance occurs when the supply frequency pro-
duces zero phase di� erence between the supply voltage and the current. Figure
2.6 shows the parallel resonant RLC circuit with a current source and �gure 2.7
shows the phasor diagram for the parallel resonance.
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Figure 2.6: Parallel resonant circuit Figure 2.7: Phasor diagram

The parallel resonant circuit is similar to the series resonant circuit as the reactive
components in both the circuits are in�uenced by the supply frequency. However,
the parallel resonant circuit is in�uenced by the current �owing in each branch of
the parallel LC tank. At resonant frequency, the impedance of the parallel resonant
circuit is maximised as the circuit acts like an open circuit with the total current
being determined only by resistor R. Thus at resonance, the impedance of the
parallel circuit is maximum and is equal to the resistance of the circuit. Keeping
L and C constant, the amount of current �owing in the circuit can be controlled
by varying the value of resistance R. The total impedance in the parallel resonant
circuit can be expressed as

Z total = Rjj ZL jj ZC =
R

1 � jR( 1
XC

+ 1
XL

)
=

R

1 + jR(! C � 1
! L )

(2.14)

If the resonance occurs at! r and XL = XC then the imaginary part of Z total becomes
zero and hence the resonant frequency can be expressed as

! rC =
1

! rL

! r =
1

p
LC

fr =
1

2�
p

LC
(2.15)

The parallel resonant circuit and series resonant circuit produces the same equa-
tion for the resonant frequency as expressed in (2.15). Hence, it makes no di� er-
ence to the resonance if the inductor or the capacitor is connected in series or in
parallel.
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2.2.1.1 Frequency response of parallel resonant circuit

The frequency response of the parallel resonant circuit with change in the impedance
of the circuit is shown in �gure 2.8. As the frequency of the applied voltage is
increased beyond the resonant value fr of the circuit, the inductive reactance in-
creases and the capacitive reactance decreases. As a result of this, the current in
the inductive branch decreases and the current in the capacitive branch increases.
Since the inductive and the capacitive reactance are not equal beyond the reso-
nant value, the total current in the circuit increases and leads the voltage applied.
Similarly, when the frequency of the applied voltage is less than the resonant
value, the total impedance of the circuit decreases and the total current increases
which is lagging the applied voltage. The parallel resonant circuit o � ers max-
imum impedance at the resonant frequency, and o � ers less impedance to other
frequencies. Hence, the impedance of the circuit at resonance is called dynamic
impedance (Zd). The maximum dynamic impedance of the parallel resonant
circuit is given by

Zd =
L

RC
(2.16)

Figure 2.8: Plot of impedance vs frequency in parallel resonant circuit

Figure 2.9 shows the circuit current as a function of frequency. The plot shows
that if the frequency of the applied voltage is varied from the low value to the
maximum value through the resonant frequency, the current magnitude decreases
from its maximum value at low frequency to a minimum value at the resonant
frequency. The total current is minimum when the circuit is at resonance as
the total impedance of the circuit is at its maximum value (Z=R). The impedance
reduces as the frequency is varied on either side of the resonant value. The parallel
resonant circuit is also called as a rejecter circuit because it rejects or suppresses
the current whose frequency is equal to the resonant value.
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Figure 2.9: Plot of current vs frequency in parallel resonant circuit

2.2.1.2 Q-factor and bandwidth

The quality factor or Q-factor is a dimensionless quantity and is used to de�ne
how well the system can oscillate or gives a measure for the quality of a resonant
circuit. A high Q-factor corresponds to the oscillations going further and a low
Q-factor corresponds to the oscillations that attenuate faster. The Q-factor of the
parallel resonant circuit with the resonant frequency fr can be expressed as

Q = 2�
Maximum energy stored

Energy dissipated for a period

Q = 2�
1
2CV2

1
2

V2

R T

Q = 2� frCR (2.17)

At resonant condition,

2� frC =
1

2� frL

Q =
R

2� frL
(2.18)

From (2.18) it can be implied that the circuit with a high Q-factor can store more
energy compared to the energy dissipated. The reponse of the parallel resonant
circuit is shown in �gure 2.10. A high Q-factor is due to low resistance in series
with the inductor which produces a high peak with a narrow response curve.
While a low Q-factor is due to high resistance in series with inductor that produces
a lower peak with a wide response curve.
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Figure 2.10: Response of parallel resonant circuit with change in Q-factor

The impedance curve is used to de�ne the bandwidth of the parallel resonant
circuit. The bandwidth of the parallel resonant circuit is shown in �gure 2.11. The
bandwidth of the resonant circuit is measured between the half-power frequencies
where the power dissipated in the circuit is half of the power dissipated at the
resonant frequency. The upper and lower cuto � frequencies are denoted as fH
and fL respectively. The 100% impedance point is when Z=R where the power
dissipated is I2R and at 0.707*Z the power dissipated is 0.5*I2R. The bandwidth of
the circuit can be expressed as

BW = fH � fL = � f (2.19)

The Q-factor of the parallel resonant circuit can also be de�ned as ratio between
the resonant frequency and the bandwidth which implies that a high Q-factor
has a narrow bandwidth. Also, the bandwidth and the frequency response for a
system with �xed resonant frequency can be altered by changing the ratio between
the inductor and the capacitor or by changing the value of resistance R.

Q =
fr

BW
(2.20)
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Figure 2.11: Bandwidth of parallel resonant circuit

2.3 Analytical model of WPT

The transmitter and receiver coils together form a transformer. Therefore, the
equivalent circuit of transformer can be used to analyse the wireless power transfer
circuit. The circuit diagram of inductive power transfer is shown in �gure 2.12.

Figure 2.12: Circuit diagram of inductive power transfer

In this model, there is no core and the air gap between the Tx and Rx coil is large
which results in increased leakage inductance. The equivalent model of inductive
power transfer considering leakage inductance is shown in �gure 2.13.
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Figure 2.13: Equivalent circuit diagram of inductive power transfer

From �gure 2.13

VAC = V1 =
�
R1 + j! L12 + j! LM

�
IP + j! LM IS (2.21)

0 =
�
RL + R2 + j! L21 + j! LM

�
IS + j! LM IP (2.22)

Input impedance of the network as seen by the source is expressed as

Z in =
V1

IP
=

�
R1 + j! L12 + j! LM

�
IP + j! LM IS

IP
(2.23)

From 2.22

IS =
� j! LM IP

RL + R2 + j! L21 + j! LM
(2.24)

Substituting 2.24 in 2.23, we get

Z in =

�
R1 + j! L12 + j! LM

� �
RL + R2 + j! L21 + j! LM

�
+ ! 2M2

RL + R2 + j! Lb + j! LM
(2.25)

The e� ciency of power transfer from source V1 to load RL can be expressed as

� =
RL jI2j

2

RL jI2j
2 + R2 jISj2 + R1 jIPj2

(2.26)

� =
RL

RL + R2 + R1

h
jIPj
jI2j

i 2
(2.27)

From 2.22
IP

I2
=

RL + R2 + j! L21 + j! LM

� j! LM

� jIPj
jI2j

� 2

=
� RL + R2

! LM

� 2

+
� L21 + LM

LM

� 2

(2.28)

substituting 2.28 in 2.27, we get

� =
RL

(RL + R2)
�
1 + R1(R2+RL)

! 2L2
M

�
+ R1

h
L21+LM

LM

i 2
(2.29)
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From 2.29, the condition for maximum e � ciency can be derived. Therefore,
maximum e � ciency is achieved when 2.30 is ful�lled. The condition for 2.30 is
satis�ed when R1(R2+RL)

! 2L2
M

tends to zero.

! �

p
R1 (R2 + RL)

LM
(2.30)

Hence, the maximum theoretical e� ciency for power transfer is given by

� max =
RL

RL + R2 + R1

h
L21+LM

LM

i 2
(2.31)

2.4 Compensation of leakage inductance

In a transformer model, the �ux generated by the primary circuit links with the
secondary circuit, but not all the �ux generated is mutual �ux. There are magnetic
�eld lines which do not follow the magnetic circuit resulting in leakage �ux. The
distance between the Tx and the Rx coils in the wireless power system a� ects the
coupling of the system and generates leakage inductance. The leakage inductance
increases the reactive power and reduces the e� ciency of the system. Hence, there
is a requirement for compensation of the reactive power using capacitors on both
the transmitter and the receiver side to ensure that the system operates at a power
factor close to unity.

2.4.1 Compensation topologies

The capacitive compensation is formed by two capacitances, C1 at the transmitter
side and C2 at the reciever side. Depending on the capacitor connection, there are
four basic compensation topologies available,

ˆ Series - Series(SS) compensation

ˆ Series - Parallel(SP) compensation

ˆ Parallel - Series(PS) compensation

ˆ Parallel - Parallel(PP) compensation

The four di � erent compensation topologies are represented as shown in �gure
2.14. The selection of the topologies is made according to the application since
each topology behaves di� erently for variation in the parameters.
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Figure 2.14: Capacitive compensation topologies

The secondary compensation capacitanceC2 is chosen such that it compensates
the secondary leakage inductance and the mutual inductance. The secondary
compensation capacitor C2 is independent of type of topology and it is expressed
as sum of the secondary leakage inductance and the mutual inductance as

XC2 = XL21 + XM

C2 =
1

(2� fr)2(L21 + LM )

C2 =
1

! 2
r (L21 + LM )

(2.32)

The expression for the primary compensation capacitor C1 is dependent on the
type of topology and it di � ers for each topology. The capacitor C1 is chosen such
that the total impedance seen by the supply is purely resistive. This will ensure
that the high frequency inverter will have minimum VA rating. Similar to the
secondary compensation capacitance, the capacitive reactanceXC1 should also be
equal to the inductive reactance of the transmitter coil.

2.4.1.1 Series-series compensation topology

The equivalent circuit of series-series topology is shown in �gure 2.15. The SS
topology helps in constant current operation with zero phase shift and hence it is
suitable for battery charging and low power applications. The main advantage
of the SS topology is that the compensation capacitances are independent of the
coupling coe� cient k and load. However, the power transfer e � ciency for large
distance between the coils in relatively low[5]. The expression for the capacitor
C1 in SS topology is given as[1]
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C1 =
1

! 2
r :(L12 + LM )

(2.33)

Figure 2.15: Equivalent circuit diagram of SS compensation topology

2.4.1.2 Analytical model of PP compensation topology

The PP topology requires a relatively large primary capacitance for loosely cou-
pled coils and it is most commonly used for industrial applications. The power
transfer e� ciency in the PP topology for a large distance between the transmit-
ter and receiver coil is better compared to the rest of the topologies. The main
advantage of the PP topology is the high power factor and high e � ciency at low
mutual inductance and a large distance between the Tx and Rx coils[5].

The network diagram for the Parallel-Parallel compensation topology is shown
in �gure 2.16. In �gure 2.16, R1 and R2 refers to the Tx and Rx coil resistance,L12

and L21 refers to the Tx and Rx coil leakage inductance, LM refers to the mutual
inductance between the Tx and Rx coil, and IP and IS refers to the current �owing
through the Tx and Rx coils respectively.

Figure 2.16: Equivalent circuit diagram of PP compensation topology

The input impedance as seen by the voltage source is expressed as

Z in =
1

j! C1 + 1

R1+ j! (La+M)+
! 2M2(1+RLC2! )

(RL+R2+ j! (Lb+M))(1+RLC2! )

(2.34)
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The input impedance can also be expressed in terms of admittance as

Yin = j! C1 +
1

R1 + j! (La + M) + ! 2M2(1+RLC2! )

(RL+R2+ j! (Lb+M))(1+RLC2! )

(2.35)

The primary capacitance is chosen such that the imaginary part of the impedance
as seen by the source is zero,

Im(Yin) = 0 (2.36)

WKT

C2 =
1

! 2
r (L21 + LM )

(2.37)

substituting 2.37 in 2.36 we get

C1 =
(L21 + LM )2

h
(L12 + LM ) (L21 + LM ) � L2

M

i
C2

h
(L12 + LM ) (L21 + LM ) � L2

M

i 2
+ L4

MR2
L (L21 + LM ) C2

(2.38)

The e� ect of primary and secondary resistance are neglected in calculating the
compensation capacitor C1.

The e� ciency of power transfer from source VAC to load RL is given by 2.26.

From �gure 2.16

IS = IC2 + I2

IS = j! C2VL +
VL

RL

IS = VL

"
1 + j! C2RL

RL

#

jISj
jI2j

=
q

1 + R2
LC2

2!
2
r (2.39)

similarly

jIPj
jI2j

=

q
R2

2 + [(L21 + LM ) ! 0 + R2RLC2! r]
2

! rLM
(2.40)

substituting 2.39 and 2.40 in 2.26, we get

� =
RL

RL + R2 +
R2R2

L
! 2(L21+LM ) +

R1R2
2

! 2L2
M

+
R1

�
(L21+LM )! 2+

R2RL
! 2(L21+LM )

� 2

! 2L2
M

(2.41)

rearranging 2.41
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� =
RL

RL + R2 + R1(L21+LM )2

L2
M

�
1 +

R2R2
LL2

M +R1R2
2(L21+LM )2

! 2
r (L21+LM )2L2

M

� (2.42)

From 2.42, the condition for maximum e � ciency can be derived. If
�

R2R2
LL2

M +R1R2
2(L21+LM )2

! 2
r (L21+LM )2L2

M

�

tends to zero, maximum e� ciency can be achieved.

Therefore,

! r �

2
6666666664

q
R2R2

LL2
M + R1R2

2 (L21 + LM )2

(L21 + LM ) LM

3
7777777775

(2.43)

Hence, the maximum theoretical e� ciency can be achieved when condition given
by 2.43 is ful�lled. The maximum theoretical e � ciency can be expressed as

� max;PP =
RL

RL + R2 + R1(L21+LM )2

L2
M

(2.44)

2.5 Coil geometries for wireless power technology

The e� ciency of the wireless power technology using time-varying resonant mag-
netic coupling largely depends on the Tx and Rx coil geometries, Q-factor of the
coils, coupling coe� cient, and air-gap between the coils. An alternating current
applied to the Tx coil generates electromagnetic waves which is dependent on the
coil geometry besides applied current and frequency. An electromagnetic coil is
designed by winding isolated conductors in the shape of a coil, spiral, or helix.
The electromagnetic coil parameters such as inductance, resistance, and magni-
tude of the desired magnetic �eld in�uence the design of the coil. The coils used
in the wireless power technology can be divided based on the geometry and core
type as shown in �gure 2.17.

Figure 2.17: Types of coil geometries
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In this thesis, planar circular coils, concentric coils, and solenoids are used both
as Tx and Rx coils. The di� erent types of coil geometries used in this thesis are
discussed below.

2.5.1 Circular coils

If the current carrying conductor is wound to be a loop, the resulting geometry
will be a circular coil. The electric current applied to the circular loop generates a
magnetic �eld that is concentrated at the center of the loop. The strength of the
magnetic �eld at the center of the circular coil can be improved by increasing the
number of loops on the coil. A single layer circular coil with N turns is shown in
�gure 2.18.

Figure 2.18: Magnetic �eld lines of single layer circular coil

The magnetic �eld produced by a current carrying circular loop can be described
using Biot-Savart law. The magnetic �eld produced by the circular loop at any
point in space as explained in section (2.1.2) can be calculated as

B = �
�

4�

I

l

Idlr̂
r2

Biot-Savart law can also be used to calculate the magnetic �eld at any point on
the axis of the circular loop as explained in section (2.1.2) using the equation

B =
2� � NIa2

4� (x2 + a2)
3
2

The magnetic �ux density is maximum at the center of the circular loop as all the
�eld lines are concentrated at the center which can be determined by
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B =
� 0NI

2a
The following factors a � ect the magnetic �eld in the circular coil:

ˆ The magnitude of the magnetic �eld in a circular coil is directly proportional
to the magnitude of current through the loop i.e., B / I.

ˆ The magnitude of the magnetic �eld is inversely proportional to the radius
of the circular coil i.e., B / 1

r .
ˆ The magnitude of the magnetic �eld in the circular coil also depends on

the number of loops in the coil. The more the number of loops, higher the
magnitude of the magnetic �eld.

ˆ The self-inductance of the circular coil is in�uenced by the coil geometric
parameters such as the inner and outer radius of the wire, inner and outer
radius of the coil, and number of turns.

2.5.1.1 Inductance of a circular coil

The self-inductance of a single turn circular coil as shown in �gure 2.19(i) can be
analytically expressed as[7]

L = � 0x
�
ln

� 8x
a

�
� 2

�
(2.45)

where � 0 ( = 4� � 10� 7) is the permeability of free space, x is radius of coil, and
a is radius of wire. Using Maxwell's expression in elliptic integrals, the mutual
inductance between two single turn circular coils as shown in �gure 2.19(ii) can
be analytically expressed as[7]

M = � 0
p

xyk
3
2 C(k) = � 0

p
xy

" 
2
p

k
�

p
k

!

F(k) �
2
p

k
E(k)

#

(2.46)

where x and y are the radii of two circular coils, functions C(k), F(k) and E(k) are
the complete elliptic integrals of the �rst and second order, and

k =
4xy

�
x + y

�2 + h2
(2.47)

where h is the distance between the circular coil centers.

Similarly, the analytical expression for the self-inductances and the mutual induc-
tance for the circular coils with N turns can be expressed as

L1 = � 0N2
1x

�
ln

� 8x
a1

�
� 2

�

L2 = � 0N2
2y

 

ln

 
8y
a2

!

� 2

!

M = � 0N1N2
p

xyk
3
2 C(k)

(2.48)
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where x and y are the coil radius of coil 1 and coil 2 respectively, a1 and a2 are
the wire radius of coil 1 and coil 2 respectively, and N1 and N2 are the number of
turns in coil 1 and coil 2 respectively.

(i) (ii)

Figure 2.19: (i) Single turn circular coil with coil radius x and wire radius a. (ii)
Two single turn circular coil with coil radius x and y respectively with a distance

of h between them

2.5.2 Concentric coils

The concentric coils are generally �at spirals of isolated conductors mounted
on a substrate or a magnetic shielding as shown in �gure 2.20. Each turn in
the concentric coil has a di� erent radius which is a function of the pitch factor.
The pitch factor determines the distance between each turn of the coil. The
electromagnetic behaviour of the concentric coil is similar to the circular coil with
the maximum �ux density at the center of the coil and the strength of the magnetic
�eld depends on number of turns N, magnitude of current, and inner and outer
radius of the coil. The magnetic �ux density B at any point in space and on the
axis of the concentric coil can be calculated similar to the circular coil as explained
in section (2.1.2) using Biot-Savart equations.
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Figure 2.20: Single layer concentric coil

The following factors a � ect the magnetic �eld in the concentric coil:

ˆ The magnitude of the magnetic �eld in a circular coil is directly proportional
to the magnitude of current through the loop i.e., B / I.

ˆ The magnitude of the magnetic �eld in the circular coil also depends on
the number of loops in the coil. The more the number of loops, higher the
magnitude of the magnetic �eld.

ˆ The insertion of a material with high permeability as a substrate or magnetic
shielding increases the magnitude of the magnetic �eld in the concentric coil.

ˆ The self-inductance of the concentric coil is in�uenced by the geometric
parameters such as the inner and outer radius of the coil, pitch factor, and
number of turns.

2.5.2.1 Inductance of a concentric coil

The self-inductance of the concentric coil with N turn as shown in �gure 2.21(i) can
be approximated by using the concept of average of diameter of the concentric
coil[8]. The geometrical parameters of the concentric coil is shown in �gure
2.21(ii). In �gure 2.21(ii), w is the wire diameter, s is the distance between the
turn, dinner and douter are the inner and outer diameter of the coil, respectively. The
analytical expression for the self-inductance of the concentric coil can be expressed
as[8]

L =
� 0N2davg

2

"

ln

 
2:46




!

+ 0:20
 2

#

(2.49)


 =
douter � dinner

douter + dinner
(2.50)

davg =
douter + dinner

2
(2.51)

The mutual inductance between two concentric coils C1 and C2 as shown in �gure
2.22 can be expressed using Neumann's equation as[8]
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M =
� 0

4�

I

C1

I

C2

dl1dl2
R

(2.52)

where � 0 is the permeability of free space, dl1 and dl2 are line elements, R is the
separation distance between the two line elements, and � is the angle of revolution
relative to x-axis.

The outer radius R of the coil is determined using the equation

R = Ri + a� (2.53)

where Ri is the initial radius of the coil and a is the pitch factor given by,

a =
s

2�
(2.54)

� = 2� N (2.55)

Using (2.53), the equation for coil 1 and coil 2 can be expressed as

RA = Ri1 + a1� 1 (2.56)

RB = Ri2 + a2� 2 (2.57)

The tangential line elements dl1 and dl2 can be expressed as

dl1 = (Ri1 + a1� 1)d� 1 (2.58)

dl2 = (Ri2 + a2� 2)d� 2 (2.59)

The dot product of dl1 and dl2 is given by

dl1:dl2 = (Ri1 + a1� 1)(Ri2 + a2� 2)cos(� 2 � � 1)d� 1d� 2 (2.60)

The distance R between the line elements dl1 and dl2 can be expressed using the
cosine law as

R2 = (Ri1+a1� 1)2+(Ri2+a2� 2)2� 2(Ri1+a1� 1)(Ri2+a2� 2)cos(� 2� � 1)d� 1d� 2+h2 (2.61)

Substituting (2.60) and (2.61) in (2.52), the mutual inductance between perfectly
aligned concentric coils can be expressed as

M =
� 0

4�

Z

2�

Z

N

jd� 1d� 2
p

(Ri1 + a1� 1)2 + (Ri2 + a2� 2)2 � 2j + h2
(2.62)

where

j = (Ri1 + a1� 1)(Ri2 + a2� 2) cos(� 2 � � 1)
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(i) (ii)

Figure 2.21: (i) Concentric coil with N turns. (ii) Cross-section of concentric coil

Figure 2.22: Two perfectly aligned concentric coils

2.5.3 Solenoid

A solenoid is a coil of wire wound in the axial direction with electric current
�owing through it. The current �owing in the solenoid generates a magnetic �eld
that starts from the north pole and ends at the south pole similar to a bar magnet.
The magnetic �eld produced by the solenoid is stronger along the axis of the
solenoid since the magnetic �ux generated by each turn of the coil is concentrated
at the center. Whereas the magnetic �ux outside the solenoid is considerably low.
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The magnetic �eld due to current �owing in the solenoid can be expressed using
Ampere's law as

I
B:dl = � 0Ienc (2.63)

The line integral of B around the coil of length l with current enclosed in the coil
to be product of number of turns N and current I in each turn will give us

B =
� 0NI

l
(2.64)

where � 0 is the permeability of free space, N is the number of turns, I is the
current. The equation described in (2.64) gives an expression for the magnetic
�eld generated by the solenoid with air core. However, with the introduction of a
ferromagnetic core increases the magnitude of the magnetic �eld in the solenoid
due to high permeability of the core. The expression for the magnetic �eld within
a core can be expressed as

B =
� 0� rNI

l
(2.65)

where � r is relative permeability of the core. From (2.64) and (2.65), it is clear that
the magnitude of the magnetic �eld in a solenoid with core will be higher than
the solenoid with air core. Also, the magnetic �eld in the solenoid with hollow
core will be less than the magnetic �eld of the solenoid with solid core.

The following factors a � ect the magnetic �eld in the solenoid:

ˆ The magnitude of the magnetic �eld in the solenoid is directly proportional
to the magnitude of current through it i.e., B / I.

ˆ The magnitude of the magnetic �eld in the solenoid also depends on the
number of loops in the coil. The more the number of loops, higher the
magnitude of the magnetic �eld.

ˆ The insertion of a core material with high permeability increases the mag-
nitude of the magnetic �eld in a solenoid.

ˆ The self-inductance of the concentric coil is in�uenced by the geometric
parameters such as the cross-sectional area of the wire,length of the coil,
and number of turns.

2.5.3.1 Inductance of a solenoid

The self-inductance of a coil with N turns is expressed as

L1 = L11 = N1
� 11

I1
(2.66)

The self-inductance for a solenoid as shown in �gure 2.23 can be determined using
(2.66). The magnetic �ux density due to current in the solenoid can be expressed
as
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B =
� NI

l
(2.67)

where N is the number of turns, and l is the length of the solenoid.

The magnetic �ux �owing through the solenoid is the product of magnetic �eld
and cross-sectional area of the solenoid. Therefore, the magnetic �ux per turn is
given by

� = B:A (2.68)

where A is the cross-sectional area of the solenoid.

Substituting (2.67) and (2.68) in (2.66), we get self-inductance of the solenoid as

L =
� N2A

l
(2.69)

From (2.69), the self-inductance of the solenoid depends on the coil parameters
such number of turns on the coil, cross-sectional area of the coil, and length of the
coil. The self-inductance of a solenoid can also be increased by selecting a core
with high permeability.

The mutual inductance between two coaxial solenoids with N1 and N2 turns with
currents I1 and I2 respectively is derived below. The mutual inductance of coil 2
with respect to coil 1 ( M21) is given by

M21 =
N2� 21

I1
(2.70)

Similarly, the mutual inductance of coil 1 with respect to coil 2 ( M12) is given by

M12 =
N1� 12

I2
(2.71)

From (2.70) and (2.71), we can write

M =
N1� 12

I2
=

N2� 21

I1
(2.72)

The magnetic �ux � 21 can be expressed as,

� 21 = B1:A =

 
� N1I1

l1

!

A (2.73)

Substituting (2.73) in (2.72), we get the mutual inductance between two coaxial
solenoids as

M =
� N1N2A

l1
(2.74)

29




	List of Acronyms
	Introduction
	Background
	Objective

	Theory
	Wireless power transfer
	Maxwell's equations
	Magnetic flux density and induced voltage
	Types of wireless power transfer systems
	Near field technology(NFT)
	Far field technology(FFT)

	Resonant inductive coupling

	Resonant circuits
	Parallel resonant circuit
	Frequency response of parallel resonant circuit
	Q-factor and bandwidth


	Analytical model of WPT
	Compensation of leakage inductance
	Compensation topologies
	Series-series compensation topology
	Analytical model of PP compensation topology


	Coil geometries for wireless power technology
	Circular coils
	Inductance of a circular coil

	Concentric coils
	Inductance of a concentric coil

	Solenoid
	Inductance of a solenoid


	Material selection for coils
	Litz wire
	Magnetic wire
	Hallow copper tube

	Current challenges in wireless power system
	Alignment between transmitter and receiver coils
	Vertical misalignment
	Lateral misalignment
	Angular misalignment



	Case Setup
	Investigation of suitable receiver coil geometry
	Measurement of suitable receiver coil geometry
	WE Development kit
	Test case

	Automatically switching transmitter circuit
	Test case
	Point to multi-point power transfer


	Proposed wireless power system
	Investigation of suitable transmitter coil geometry
	800kHz Half bridge converter
	Concentric coils
	2 Series-connected concentric coils

	1MHz half-bridge converter
	8 Series-connected concentric coils



	Simulation Setup
	Modelling of different coil geometries in Ansys
	Modelling of point to multi-point power transfer using circular coils in Ansys
	Modelling of proposed wireless power system in Ansys
	Custom built concentric coils
	Series connected concentric coils


	Analysis
	Investigation of suitable receiver coil geometry
	Solenoid Rx coil
	Circular Rx coil
	Comparison of Rx coil geometries

	Proposed wireless power system
	Concentric coils
	Series connected coils

	Comparison & results
	Power transfer
	Point to multi-point power transfer


	Conclusion
	Investigation of suitable Tx and Rx coil
	Proposed wireless power system

	Future Scope
	Environmental & Ethical Aspects
	Bibliography
	Appendix 1
	Conventional Wireless Power System


