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Summary

In the modern society, the automation of operations is a key driver in the progress
of technologies and the ease of use of certain technologies dictates its success in
wide spread adoption.

The system that is designed in this report aims to charge a 75 Watt drone in an
hour and details exactly the process that is used to arrive upon the final values that
are used in the system. This thesis is inspired by previous works that have looked
into Wireless Power Transfer system for drones, but takes a simpler approach due
to the limited amount of time given for this thesis.

The class E amplifier that drives the power transmission coils will define how
the system will perform in the actual set up that will be used. Design equations by
Nathan Sokal were used to craft the amplifier with the appropriate values in order
to ensure zero voltage and zero current switching. A Series- Series resonant circuit
is used in the amplifier as that promotes maximum current flow at the resonant
frequency while minimising impedance.

Details are also presented on the receiving circuit placed on the drone as well
as the specific high power MOSFET and Silicon Carbide diodes used in order to
minimise losses and maximise efficiency. The size of the filter capacitor is also of
importance as it smoothens out the voltage across the load to be a clean DC signal.

The design of the coils plays a major role in the overall performance of the sys-
tem, and attention is paid to the different trade-offs that can be made when designing
the ideal coils for a particular system. In this system, coils with high quality factors
are desired as this will increase the efficiency of the system and will improve the
power output capabilities. The coupling factor k also plays a role in the system and
is found by looking at the self inductances of the coil and the mutual inductance.
Design equations are used in order to accurately see the relationships between the
different coil parameters.

The models that are used in the construction of the system are presented. A
T-Model is used to simulate the power output behaviour of the circuit for certain
coil inductance values at a fixed coupling coefficient. A Series- Series inductive
power transfer circuit is used to see how the resonant peaks of the circuit shift when
different parameters were changed, and all of these variations in the system led to
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VI SUMMARY

a sensitivity analysis.
The sensitivity analysis is a key way in understanding the system’s behaviour

when certain system parameters change. It tries to uncover how the system will
react when the coupling factor changes or when the capacitance of the resonant
capacitor changes and so on.

After all of the necessary steps were taken, the system is simulated together
and the system is able to deliver 90 Watts of power to a battery that only requires
75 Watts to charge within an hour. It is observed that the change in the coupling
factor affects the resonant frequency of the circuit quite significantly as the reflected
impedance of the system changes as the coupling factor changes. Since the circuit
is designed for a coupling factor of 0.2, changes in the coupling factor would result
in a different reflected impedance that will move the resonant peak of the circuit.
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Chapter 1

Introduction

In the coming years, we will be living in a world where drones and Unmanned Aerial
Vehicles (UAV) will be a crucial part in modern society for delivery of goods, surveil-
lance of neighbourhoods and most importantly, transportation of medical supplies
from hospitals to patients or between hospitals themselves. In this future, quick and
easy charging of drones and other UAV’s will be of very high importance and will
dictate the productivity and utility of these devices. Therefore, the infrastructure to
charge these drones will be critical in the success and growth of this industry. Cur-
rently, the entire operation of charging a drone is cumbersome and time consuming
as it requires a human to remove the battery from the drone, and thereafter plug
the battery into the charger and then later plug the battery back into the drone. Due
to this long and tedious process, the adoption of drones in delivery applications will
be slow will require significant innovation in the charging infrastructure around them.
By removing human interaction and making it an autonomous process, it simplifies
the charging process of the drone and makes it more viable in delivery applications
which require quick turn around times.

1.1 Motivation

In papers [6], [7], and [8] resonant inductive coupling have been used to create
charging stations where a drone would land and immediately begin charging. How-
ever, the power output of these stations were not very high and could not supply
more than a maximum of 50 W [7]. Therefore, charging speeds for a drone that
is capable of carrying payloads of about 0.5 kg would be far too slow to be imple-
mentable in the real world. Furthermore, complicated alignment systems on the
base station in both [6] and [7] increase costs and ease of repairability. Paper [8]
described a unique idea where the drone would be fitted with a computer vision cam-
era allowing it to track a red circle on the pad an thereby align itself with the station
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2 CHAPTER 1. INTRODUCTION

during the landing process. This process requires a significant amount of compo-
nents and other sensors and cameras on the drone that help it during the alignment
process, and further add weight to the drone and reduce its range and payload ca-
pabilities. Therefore, this paper will focus on a simple system that consists of simply
a coil in the transmitting and receiving circuit and uses resonant inductive coupling
to charge the drone in a relatively short amount of time. The thesis aims to provide
a refined approach to the concept of resonant inductive power transfer and aims to
present a simple way to use this principle to charge a DJI F550 drone.

1.2 Research question

This paper aims to investigate the following research question:
Investigate the application of Inductive Wireless Power Transfer (IWPT) and to un-
derstand the feasibility and technical constraints of real-world drone charging:

• Analyse the impact of the coil shape and coil type on drone charging systems.

• Investigate the operation of a class E amplifier and design one that can charge
a 75 Watt Drone.

• Study the impact of a Series Series and Series Parallel topology on the system
performance.

• Analyse the system performance and do a Sensitivity Analysis to better under-
stand the robustness of the system.

1.3 Report organisation

The report will follow a logical structure where first, the basic outline of the system
will be laid out and all of the separate entities in the entire system will be mentioned
to be further discussed in their respective chapter. Firstly, the class E amplifier used
in the transmitter circuit will be divulged in Chapter 2 and its function will be analysed.
In Chapter 3, the receiver circuit will be introduced and the circuit configuration and
load behaviour will be analysed. Next, details will be given on the realisation of the
coils in Chapter 4, and the physics and mathematics that are required to understand
their function and inner workings. Later, in Chapter 5, the models will be analysed
that were used to understand the functioning of the circuit. A sensitivity analysis in
Chapter 6. Chapter 7 will be used to analyse the results and further propose ideas
as to how the circuit could be improved in future interactions before closing out with
a the conclusion in Chapter 8.
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Figure 1.1: DJI F550 [1]

1.4 Drone

The drone that will be used at the model for this application can be seen in figure
1.1. The take off weight of this drone is around Tw = 3.5 kg with a payload capacity
of around 0.5 kg, thus this is a drone that could potential be used in medical appli-
cations. Since it has a payload capacity of 500 grams, it could be used to transport
medicine or other supplies from the hospital to a patient. The nominal battery volt-
age of the drone is Vbat = 14.4 V with a capacity of U= 4 Ah. Thus the total power
required to charge the battery in an hour is 72 Watts.

1.5 Technical Introduction

The WPT system discussed in this report uses the properties of resonant inductive
coupling in order to create a more dynamic and robust system. In a resonant WPT
system, both the receiving and the transmitting systems are tuned to operate at a
very specific frequency, which allows power to be transferred at larger distances
between both two coils and allows higher power capabilities. Most modern smart-
phones have the capability to employ inductive coupling to charge wireless at a 5-10
Watts. This requires both the transmitting and the receiving coils to be placed right
on top of each other and the system to be very well aligned. Any axial misalignment
will not charge the device. However, in a resonant inductive coupling system, the
tolerance for misalignment and distance between the coils is much larger and power
can be transferred between the coil even if the they not axial aligned. Since both
the coils are tuned to the same frequency, it creates an ”energy tunnel” which allows
energy to flow between the two coils even at greater distances due to them both op-
erating at the same frequency. The system outlined in this report operates at 13.56
MHz where both the resonant circuits are tuned to operate at that frequency.
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Chapter 2

Class E Amplifier Design

2.1 Introduction

The class E amplifier used in this circuit forms the backbone of the WPT system the
proper and appropriate construction of this circuit will be essential in the successful
transfer of 75 Watts. There are many different amplifier topologies that exist for a
myriad of different applications but, for high power transfer applications, the class E
amplifier is preferred due to it being a switched-mode power amplifier. A switched-
mode amplifier distinguishes itself from other amplifier as does not operate in the
linear region as class A, B, A/B, C amplifiers do, but it rather operates in the sub-
threshold and the saturation region, thereby eliminating losses on the MOSFET of
the class E amplifier. This phenomenon will be explained in section 2.2 and forms
the fundamentals principle of operation for this amplifier.

2.2 Working Principle of Class E Amplifiers

The class E amplifier falls under the category of a switched-mode amplifiers where
the MOSFET is used acts as a switch and is either completely on (closed) or com-
pletely off (open) thereby preventing any losses from occurring in the MOSFET itself.
In other non- switched-mode amplifiers, the MOSFET’s operate in the linear region
therefore burning power on the MOSFET in order to have a linear output curve. In
switched-mode amplifiers, the gate source voltage is a square wave signal that ei-
ther completely turns on the MOSFET with a voltage much higher than the threshold,
or no voltage, thereby completely turning off the MOSFET. In this way, the MOSFET
acts like a switch and no power is burned on the the active component. At the mega-
hertz frequencies, if power was being burned on the MOSFET, the overall efficiency
of the system would be negatively affected.

5



6 CHAPTER 2. CLASS E AMPLIFIER DESIGN

Figure 2.1: Class E Amplifier Block Diagram

Figure 2.2: Class E Amplifier Circuit

2.3 Class E Amplifier Circuit Diagram

A block diagram of how the class E amplifier functions can be seen in figure 2.1,
where the driver drives the MOSFET at the desired AC output frequency making it
act as an on off switch which thereafter converts the DC signal from the power supply
to the AC signal at the desired switching frequency. The input signal is a square
wave at the desired output frequency and it has been seen through experimentation
[9], that a duty cycle of around 50% yields the maximum fundamental frequency
output. As stated earlier, to maximise the efficiency of the system zero voltage
switching (ZVS) must be achieved. At turn on, there should be zero voltage across
the MOSFET, while at turn off, there should be zero current across the MOSFET.

The circuit configuration used in this WPT application is highlighted through fig-
ure 2.2 and displays how all of the components of the circuit are connected to each
other and how the square wave driving signal creates a sinusoidal output across
inductor L1.

2.4 Zero Voltage Switching and Zero Current Switch-
ing

In power amplifiers, the majority of the power losses occur in the active components,
which is, in this case, the field effect transistor. Implementing zero voltage switching
from turn off to turn on and zero current switching from turn on to turn off form the
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Figure 2.3: Top: Voltage across the switch when it is open and closed Bottom: Cur-
rent across switch when it is open and closed

basis of switched-mode amplifiers by ensuring that when the MOSFET is turned on,
there is no voltage across it and similarly, when the MOSFET is turned off, there
is no current going through it. These two conditions ensure that there will be very
minimal power loss on the MOSFET itself and thereby increasing the efficiency of
the entire system.

To ensure that there is no voltage from turn off to turn on of the MOSFET the
value of capacitor C3 from figure 2.2 must be chosen in a way that allows it to com-
pletely discharge itself into the resonant circuit. Similarly, when going from the MOS-
FET on state to the off state, there should be no current going through the MOSFET
which is also dependent on the component values chosen for the resonant circuit in
conjunction to capacitor C3. Since capacitor C3 and the MOSFET are in parallel, an
voltage across the capacitor would mean a voltage across the MOSFET, thus during
the transition from turn on to turn off, the capacitor must be completely discharged
through the switch and have zero charge on it.

This principle is shown in figure 2.3 where figure 2.3a displays the voltage across
the switch with respect to time and figure 2.3b displays the current through the switch
with respect to time. As can be seen, both the current and voltage through and
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across the switch do not occur at the same time, thereby mitigating switching losses
in the system.

2.5 Circuit Analysis

In figure 2.2, inductor LDC1 is used as a DC choke which blocks high frequency AC
signals and only allows DC current to pass through. This is done to prevent the AC
signal from the output of the transistor to go back through the inductor and into the
power supply. Since the impedance of an inductor is jωL, it acts as a short of low
frequencies and as an open circuit for high frequencies. C3 is the sum of the shunt
capacitance, the transistors output capacitance and the wiring capacitance. When
the transistor is switched on (closed state of the switch) the voltage across it is the
collector emitter voltage Vce and while the transistor is switched off (open state of
the switch), the transient response of the load network is that of a damped second
order filter with series connections of L1, and C1·C3

C1+C3
. LDC1 is chosen large enough

such that it can act as a source of constant current while some of the energy stored
in C1, C3 and L1 is delivered to RLoad in the secondary circuit. Since the voltage
across the transistor is also the voltage across the capacitor C3 it is very important
that the capacitor C3 is completely discharged at the switch closing time. The energy
from C3 must be dissipated into the resonant circuit to ensure no voltage across the
MOSFET at time of turn on. Inductor L1 and capacitor C1 form the series resonant
circuit. The resonant circuit in the receiver circuit is also a series resonant circuit.

Series- Series resonant circuits are being used and they work on the fundamen-
tal principle of the reactance of the capacitor cancelling out the reactance of the
inductor at the resonant frequency of the system. The reactance of an inductor can
be described using equation 2.1 and the reactance of a capacitor is described using
equation 2.2. When XL > XC the circuit is inductive and when XC > XL the circuit
is considered capacitive [10]. As these two equations [10] highlight, the reactance
of an inductor scales proportionally with frequency and the reactance of a capacitor
scales inversely with frequency.

XL = 2πfL = ωL (2.1)

XC =
1

2πfC
(2.2)

If the system is below the resonant frequency, it is considered to be a capacitive
circuit, which means that more energy will be lost in the capacitor (more impedance).
When the system is above the tuned resonant frequency, the system is considered
inductive, where the inductor will have contribute to more system impedance and
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will not cancel out with the impedance of the capacitor. At the moment when the
inductive and the capacitive reactances are equal to each other, the circuit is then in
its resonant frequency, which is where the impedance of the circuit is at its minimum.
Since the two reactances cancel each other out, the LC combination acts as a short
circuit. Therefore, at the resonant frequency, there is maximum circuit current as the
only resistance present in the circuit is the parasitic resistances of the components.
The Q factor in a series resonant circuit is dictated by the relationship between
the resistance, inductance and the capacitance of the circuit as shown in equation
2.3 [10]

Q =
1

R

√
L

C
(2.3)

A parallel resonant topology could have also been chosen to be implemented in
the WPT circuit but there were some key pitfalls of the parallel resonant circuit that
made it less suitable for this use case. At the resonant frequency, which is deter-
mined in the same manner as the series resonant circuit, the circuit has maximum
impedance, which means that the current is at the minimum. The applications of
a parallel resonant circuit is very different as the resonant frequency, it rejects the
current flow.

2.5.1 MOSFET Conducting State

In figure 2.4 there are two plots visible, the blue one which is the square wave
driving the MOSFET and the black plot which is the voltage across the MOSFET as
the switch (MOSFET) is open and closed. As seen, when the switch is open, there
is a voltage peak that builds up on the switch (Capacitor C3) and once the switch
is closed, the voltage decrease to zero. By having this behaviour in the circuit, it
ensures that no power is dissipated during the conducting state of the switch.

The current behaviour of the entire system can be seen in figure 2.5. In the fig-
ure, all of the relevant currents are plotted to understand how the current flows in the
circuit. The blue, black and red curves are the current going into inductor L1, capac-
itor C3 and the MOSFET respectively. The purple curve is the driver of the MOSFET
and the turquoise curve is the current coming out of inductor LDC1. Starting from
the left of the graph, when the MOSFET is conducting, allowing current to flow to
ground, the current through the MOSFET increases as can be seen from the rising
red curve. At the same time, the current going into inductor L1 goes negative, mean-
ing current is coming out of L1 and going into the MOSFET. As the current through
the MOSFET increases, the current going into inductor L1 decreases and switches
polarity and current starts flowing out of the inductor at the same rate as current
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Figure 2.4: Zero Voltage Switching at 13.56 MHz

Figure 2.5: Currents in the system during switch open and close intervals
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flowing into the MOSFET. Initially, when the switch is closed (MOSFET is conduct-
ing), there is a peak of current flowing out of capacitor C3 and that same amount of
current in flowing into the MOSFET. This indicates that the moment the MOSFET is
turned conducting (switch is closed), the capacitor completely discharges through
the MOSFET and thus has a zero voltage across it. This is also seen in the voltage
graph of figure 2.4 as the voltage across the MOSFET, which is the same voltage
across capacitor C3 since they are in parallel, goes down to zero.

2.5.2 MOSFET Non-Conducting State

The instant the switch opens (MOSFET turns off), the entire behaviour of the sys-
tem changes drastically. Since the MOSFET is no longer a path through which
current can flow, the current behaviour changes as well. Once the MOSFET is non-
conducting, there is a massive spike of current flowing into the capacitor C3 which
indicates that it is charging. This can be verified by looking the the voltage curve in
figure 2.4 as it can be seen that the voltage across the capacitor C3 increases. The
current that is going into the capacitor C3 is being supplied by L1 as can be seen
from the graph. There is still a negative current in L1 which indicates that current
is flowing out of the junction and into the capacitor. As the capacitor charges, the
current going into it slowly decreases until there is no more current flowing into it
when it crosses the x axis. At this point, the capacitor C3 is fully charged and slowly
starts discharging into the inductor which is shown through the proportional increase
in current going into L1 with the current coming out of C3. The maximum amount
of current going out of capacitor C3 is at the exact same moment of the maximum
amount of current going into L1. This cycle repeats again as the amount of current
going out of C3 slowly decreases while at the same time the amount of current going
into L1 slowly decreases such that the amount of charge on the capacitor when the
MOSFET is turned back on is 0. During the last quarter of cycle when the MOSFET
is not conducting, the amount of current the capacitor is able to deliver decreases
as the amount of charge on it is decreasing to zero. In order to have zero voltage
switching, the resonant circuit must be designed in such a way that the amount of
charge on the capacitor (voltage across the capacitor) when the MOSFET enters
the conducting state must be zero. This is the fundamental principle of zero voltage
switching. The capacitor C3 along with the resonant circuit must work in synchro-
nisation where current must oscillate between the inductor L1 (and capacitor C1)
and capacitor C3. During this half of the period, the current through the MOSFET
remains zero as there is no gate source voltage being applied, thereby not allowing
current to flow through the MOSFET.
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2.6 Design Equation

When designing the class E amplifier, it was very important to design it in such a
way that all the components work in sync in order to discharge the capacitor com-
pletely before the switch is closed again, therefore the value of the capacitors and
the inductors are all the more important. When looking into equations to design the
components in the circuit, Nathan O. Sokal’s paper [11] provided empirical equations
to help calculate the needed values for the operation of the class E amplifier.

The value of capacitor C3 can be calculated by using equation 2.4 and C1 and L1

can be calculated using equations 2.5 and 2.6 respectively.

C3 =
1

34.2219fR
(0.99866 +

0.91424

QL

− 1.03175

Q2
L

) +
0.6

(2πf)2LDC1

(2.4)

C1 =
1

2πfR
(

1

QL − 0.104823
)(1.00121 +

1.01468

QL − 1.7879
)− 0.2

(2πf)2LDC1

(2.5)

L1 =
QLR

2πf
(2.6)

As can be seen from all of the equations above, the loaded quality factor QL

plays a very large role in determining the values of the inductors and capacitors.
The loaded quality factor is defined as:

QL =
2πfL2

R
(2.7)

The loaded Q factor signifies the resonant behaviour of the system when it is
loaded with a load. The quality factor of a resonant circuit is a measuring of the en-
ergy stored in the system with respect to the average power dissipated. The band-
width of the system is dependent on the loaded quality factor at therefore, the higher
the loaded quality factor, the smaller the bandwidth of the system. The relationship
between the bandwidth and the loaded quality factor is displayed in equation 2.8.

Bandwidth =
ω0

QL

(2.8)

where

ωo =
1√
L1C1

(2.9)

The amplifiers output power depends primarily on the Vcc value but secondarily
also depends on the value chosen for the loaded Q factorQL [11]. The usual value of
Q lies between 1.79 and 5, which was determined analytically in Sokal’s [11] paper.
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Components Values
LDC1 100uH
L1 4uH
C3 1nF
C1 29pF
Vcc1 100V

Table 2.1: The component values of the Class E Amplifier

The power output of the class E amplifier does depend on the loaded quality factor
as well, as previously stated, which can be seen through equation 2.10

P =
(Vcc − Vo)2

R
0.576801(1.001245− 0.451759

QL

− 0.402444

Q2
L

) (2.10)

V0 is zero for a MOSFET, thus that term can be set to zero when calculating the
output power of the system.

2.7 Conclusion

Following the design equation given in section 2.6, the values for the Class E Am-
plifier were found and are presented in table 2.1. These values for the system were
arrived upon using the design equations presented in section 2.6.

With the amplifier values presented in table 2.1, the amplifier circuit delivers more
than enough power to inductor L1, but the design of the receiver circuit also plays
a major role in the working of the entire system. Since this is a loosely coupled
system, the power output at L1 cannot be taken as conclusive evidence to state
that the entire WPT system will work and deliver the needed power the load in the
receiver circuit. Furthermore, attention must also be paid to the coil parameters
of inductor L1. If the coils are not designed properly, losses can occur, as will be
explained in Chapter 4, in the coils themselves.
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Chapter 3

Receiving Circuit Design

The fundamental working principle of the wireless power transfer circuit is that power
is transferred from the primary circuit that is kept stationary on the base station,
to the receiving circuit consisting of a coil and a full wave bridge rectifier which
feeds the power through the battery management system to the battery (load). The
inductance of the coil is determined through simulating how power is transferred
between the two circuits at different coupling factors. As can be seen in figure 3.1,
the receiver coil is coupled with the transmitting coil and in conjunction with the
receiver capacitor, it is operating at the resonant frequency of 13.56 MHz. The
signal then goes through the full wave bridge rectifier, which is created using four
diodes, and is applied to the load. Since the battery requires DC power, the filter
capacitor C4 is used to smoothen out the AC signal and supply a clean DC signal to
the load (battery).

Figure 3.1: Receiver Circuit with Diode Circuit

15
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3.1 Series Resonant Circuit

In figure 3.1, the resonant inductor L2 and C2 form the series resonator that will be
coupled to the primary system and use inductive resonant coupling to transfer the
power to the battery (Resistor R1). L2 will be the receiving coil that will be reso-
nantly coupled to inductor L1 in the class E amplifier circuit. The value of L2 was
found through using simulation based analysis to be able to generate enough AC
voltage such the RMS of the signal would be sufficient to charge the battery (14.4
V). If the self inductance of the inductor was too large, the overall coil parameters
would be too large to fit on the drone without compromising the payload capacity
significantly. If the coil inductance was too small, it would not be able to generate
enough AC voltage to meet the power requirements of the battery. Therefore, look-
ing into previous papers, most of them had receiving coils around 50 - 60 % the size
of the transmitting coil, therefore, that was used as a baseline to experiment with
values to find the optimal size.

3.2 Diodes

The actual diodes being used in the circuit are of extreme importance as their thresh-
old value should be as low as possible to avoid major switching losses. In order to
achieve this, Silicon Carbide Schottky Diodes are used as they have a substantially
lower forward drop voltage than conventional silicon PN junction diodes. In PN junc-
tion diodes, the knee voltage (forward drop voltage) is usually between 0.6 and 0.9,
depending on the doping concentrations. In a standard PN junction diode, semicon-
ducting materials are used in both the P and the N type layer, where the P type layer
is doped with excess electrons and the N type layer is doped with extra holes [12].
Thus the knee voltage is determined by how much energy is required for a hole to
go from the N type region through to the dielectric material and again through into
the P type region. Therefore, there is a certain amount of voltage required before
diode goes into conduction. The main difference between the Shottky diode and a
PN junction diode is that one of the semiconducting layers is replaced with a metal
electrode, which is then bonded to an N type semiconductor. Due to this there is no
depletion layer between the metal and the semiconductor thereby classifying these
types of diodes as uni-polar diodes. In this specific application, a Silicon Carbide
diode is used which has a knee voltage of only around 0.3 volts. The forward volt-
age of the diode is of extreme importance in this case as power will be dissipated on
the diode every half cycle, and since the frequency of the signal is 13.56 MHz, that
will be once every 73.74 nanoseconds. Since there are four diodes in the full bridge
rectifier, that will equate to around 1.2 V drop over all of the diodes combined every
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Components Values
L2 2.8uH
C2 42pF
R1 3 Ω

C4 1nF

Table 3.1: Component Values of the Receiving Circuit

cycle.

3.3 Load

The battery is represented by resistor R1. For the DJI F550, the required voltage on
the battery is around 14.4 Volts with a total power of around 75 Watts which leads
to a battery internal resistance of around 3 ohms.

3.4 Filter Capacitor

The capacitor C4 placed in parallel with the load is there to balance out the fast
changing positive AC signal into a much smoother DC signal that can be used to
charge the battery. This is done by making sure that the value of the capacitor is big
enough such that it does not discharge during the transition from one half cycle to
the next. The voltage over the charged capacitor is then the voltage over the load
which is a DC signal. If the capacitance of the parallel capacitor is too large, then
it takes much longer for the capacitor to charge completely and thereby the voltage
over the load will gradually increase, but there will be little to no ripple in the steady
state of voltage. If the capacitance is too small, then the capacitor charges quite
quickly but also discharges between the half cycles, thereby having a small ripple in
the steady state. This is demonstrated in figure 3.2, where the value of the capacitor
was 0.1 micro farad and the size of the capacitor in figure 3.3 was 0.1 mili farad. As
seen, in figure 3.2, the capacitor reaches it fully charged state much quicker than
the capacitor in figure 3.3, but since the size of the capacitor is too small, it oscillates
even in the steady state, which is not desired.

3.5 Conclusion

The values of the components in the receiving circuit are presented in table 3.1.
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Figure 3.2: Size of the capacitor is too small

Figure 3.3: Size of the capacitor is appropriate
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With these values and the use of Silicon Carbide diodes, the 90 Watts of power
was delivered to the load and the battery was charged in an hour. The components
of major importance are the series resonant circuit as well as the diodes used in
this implementation. Minimising the losses on the diodes throughout each cycle
was critical to the overall efficiency of the system, thus the choice of Silicon Carbide
diodes was made due to their low knee voltage. The resonant circuit values (inductor
and capacitor) must also be chosen such that they resonate at 13.56 MHz and the
size of the inductor must be chosen such that the inductor is capable of outputting
the necessary power. Ideally, the system would have had much more power as the
class E amplifier was able to output significantly more than that received by the load.
However, due to the low coupling factor (loosely coupled system) only a fraction of
the power being transmitting by the amplifier is received by the load.
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Chapter 4

Charging Pad Design

The design of the coils that are used in the transmitting and receiving circuit are very
important in the power transmission capabilities of the system and play a large role in
the efficiency of the system as well. By using proven design equations and intelligent
design parameters, the performance of the coils can be optimised to provide the
highest possible power output capabilities. Coils with the same inductance values
can be formed in many ways, but some are better design decisions than others, thus
this chapter will focus on what aspects of the coils design were taken into account
and how they affect the overall performance of the WPT system.

4.1 Structure

The chapter will begin by discussing the important factors when looking at determin-
ing coil parameters which will be followed by potential designs that could be used.
Lastly, the different design equation used to create the coils are discussed along with
reasoning behind why certain parameters were chosen for use in this specific WPT
system. Since all WPT systems are different, one set of coil parameters cannot be
used in another system as the resonant frequency, power transfer capabilities and
many more things affect the design process. Therefore, proper reasoning is given
to justify the use of specific values and parameters.

4.2 kQ Factor

When designing the coil parameters for a resonant inductive wireless power transfer
(WPT) system, the kQ factor is of the utmost importance as it dictates the effective-
ness of the power transfer [4]. Effectiveness can be broken down into power output
and efficiency, both being affected by the kQ factor. The kQ factor consists of two
separate parameters, known as the coupling factor (coupling coefficient) k, and the

21
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quality factor Q. When two coils are placed in close proximity of each other and an
AC current is supplied to the transmitting coil, some of the magnetic flux generated
by that coil will penetrate the receiver coil thereby induce a electromotive force. The
coupling factor can be used as a mean to quantify how much of the flux generated
by the transmitting coil penetrates the receiving coils and contributes to power trans-
mission [3]. A coupling factor of 1 indicates that the two systems are well coupled
and that all of the flux generated by the primary coil penetrates the secondary coil
and generates an electromotive force. On the other hand, a coupling factor of 0
indicates that the two coils are independent of each other and that the behaviour of
one does not influence the behaviour of the other. Equation 4.1 illustrates this rela-
tionship where L11 and L22 are the self inductances of the transmitting and receiving
coil respectively and L12 is the mutual inductance of the two coils.

k =
L12√

L11 · L22

(4.1)

k is the coupling factor and can be described using the self inductances of the
two coils along with the mutual inductance. Mutual inductance is the ”interaction
of one coils magnetic field with the on another as it induces a voltage in the adjacent
coil [13].” By observing the terms of equation 4.1 [4] , it can be noted that the cou-
pling factor of the system and the mutual inductance are proportional to each other,
therefore an increase in the coupling factor will result in an increase in the mutual
inductance of the system.

Similarly the quality factor (Q factor) is also a very important criterion when look-
ing at the performance of a WPT system. The Q factor is a way of measuring the
performance of a resonant circuit [14]. The Q factor is a dimensionless number that
is used to describe the damping in a circuit and is a good measure of how good
the oscillator oscillates at its resonant frequency as shown in figure 4.1. It can be
mathematically defined as:

Q = ω
Energy Stored

Average power dissipated
(4.2)

The Q factor of each of the coils is expressed through equations [4] 4.4 and 4.5
while the combined Q factor of the entire system is given through equation 4.3.

Q =
√
Qprimary ·Qsecondary (4.3)

Qprimary =
ω · Lprimary

Rprimary

(4.4)

Qsecondary =
ω · Lsecondary

Rsecondary

(4.5)
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Figure 4.1: Different possible Q factors for a given system. [2]

In both equation 4.4 and 4.5, the self resistance of the coils plays a role in the
overall quality factor of the circuit. This R value can only be changed by changing
the material of the coil themselves as better conductors, such as gold, have a lower
internal resistance as compared to other metals like copper. The resistance of the
material plays a significant role in the Q factor of that system because the power
that will be dissipated is linked to the amount of resistance in the component. The
more innate resistance the material has, the more power will be lost in the material,
thereby decreasing the resonant response of the system. The self inductance L for
a circular planar coil is described through equation 4.10.

4.3 Misalignment, Coupling Factor and Coil Shapes

The coupling factor between the two coils and the alignment of them are very much
interrelated and this relationship can be seen through figure 4.2 [3]. As figure 4.2
demonstrates, the coupling factor of the two coils increases as the coils are axially
aligned and brought very close to each other (top left of figure 4.2) and decreases
as the coils are moved away from each other and as the axial misalignment be-
tween the two is increased (bottom right of figure 4.2). The coupling factor is of
major importance to the WPT system as discussed in section 4.2 and therefore, the
alignment of the two coils places a large part in that.

As the coils come closer together, the flux that goes through the second coil
is higher, as there is less of an air gap between the two coils where the flux lines



24 CHAPTER 4. CHARGING PAD DESIGN

Figure 4.2: Relationship between Coupling Factor and axial misalignment of both
the coils. Top left indicates coils are small air-gap and no axial mis-
alignment (high coupling factor), whereas, bottom right indicates large
axial misalignment and large air-gap between both coils (low coupling
factor). [3]

can have different reluctance paths leading to lowered efficiency. Since magnetic
flux lines always form a form a closed loop, the path of the lines depends on the
reluctance of the materials surrounding it. Air and vacuum are known to have a very
high reluctance, whereas ferrite has a very low reluctance, thereby making it very
good in guiding flux lines all in the same direction. However, since the WPT system
being discussed in this paper is going to consist of air core coils, the reluctance
path of the flux lines plays a large role in the overall efficiency and power transfer of
the system. The flux lines generated from the edges of the coils will have a small
circular path as they will choose the path of least reluctance, where as the flux lines
generated from the AC current near the centre of the coil will generate much longer
paths thereby also going through the secondary coil and generating an electromotive
force in the secondary coil. As the coils are moved further apart, more and more
of the flux lines will have paths which do not go through the secondary coil, thereby
decreasing the mutual inductance leading to a lower coupling factor. This is one of
the major principles behind why the coupling factor of the system decreases as the
distance and the misalignment between the two coils increases. This is also one of
the driving principles behind trying to get the primary and the secondary coils as coil
to each other as possible.

Furthermore, the geometry of the coil used for inductive wireless charging will
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Figure 4.3: Different Coil Geometries a) Circular Coil b) Square Coil c) Rectangular
Coil d)Segmented Square Coil

also have a large effect on the efficiency and the power transfer capabilities of the
system. There are multiple different coil geometry as shown in figure 4.3 that could
be employed in a wireless power transfer system for drones ranging from circular
coils to rectangular coils all the way to conical coils. Each of these different ge-
ometries bring their own benefits and drawbacks. Conical coils, for example, have
a higher directivity of their flux lines [15], thereby making them beneficial in applica-
tion that require high directivity of the transmitting coil. This is very beneficial if the
coils of the receiving and the transmitting antenna are always going to be perfectly
aligned as it will result in a high flux linkage, but quickly becomes an inefficient coil
topology if the transmitting and receiving coils are even slightly misaligned. Conical
coils are not robust for different amounts of alignment, making them a less favourable
choice in WPT applications where alignment between the two coils cannot always be
guaranteed. Similarly both the square and the rectangular coils display fringing ef-
fects, where the flux lines go outwards from the desired path, due to the sharp turns
present in the coils, which decreases the overall efficiency of the system. Due to the
distortion of the magnetic field in the case of square and rectangular coils around the
corners, the magnetic coupling is inferior to that of a circular coil as demonstrated
in figure 4.4 [4]. All in all, as the coil area increases, the magnetic coupling between
two circular coils was found to be the best [4], as shown in figure 4.4 thus it would
be the ideal candidate for implementation in a charging a drone wirelessly.

4.4 Ferrite Pads

The addition of a ferrite pads below the transmitting coil also vastly enhances the
coupling between the two coils as it prevent leakage of the magnetic field and im-
prove the self inductance and mutual inductance of the coils [4]. As discussed in
section 4.3, the reluctance of air is very high, but the reluctance of ferrite is rela-
tively low, ensuring that most of the flux lines go through the ferrite pad and are
then redirected upwards towards the receiving coil. Furthermore, ferrite has a high
permeability, allowing the flux lines to easily pass through the material without gener-
ating high losses. Many different materials could be used as pads but ferrite brings
the most benefits due to its high relative permeability and low losses at high fre-
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Figure 4.4: Coil Area vs Magnetic Coupling factor for circular, square and rectangu-
lar coils [4]

Figure 4.5: Cross section of a flat spiral coil [5]

quencies [4]. However, the idea of using ferrite pads was not investigated further
due to lack of resources to simulate the behaviour of the system with ferrite pads,
as well as the increasing cost and complexity of the entire system. Therefore, this
was left as a future work that could the implemented in the system to improve overall
performance.

4.5 Design Equations

When starting to design coils, it is first important to look at how much current the
coils are expected to handle and what material of wire needs to be used to satisfy
that condition. Since the system needs to deliver at least 8.6 Amps of current, Litz
AWG 12 wires [16] were chosen as they would minimise the skin effect. The cross
section of a circular coil is given in figure 4.5 and shows the different parameters of
the coil that are of relevance to its performance.

That outer radius shown in figure 4.5 is Do along with the inner radius being
defined as Di. The width of the coil w is determined by the width of the Litz AWG
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12 wire which is 2.053mm. The pitch, p, as illustrated in figure 4.5, also plays an
important role in the quality factor of the system. If pitch is too small, the proximity
effect losses will dramatically decrease the quality factor of the system which will
hinder the efficiency and the power output of the system. When placing AC current
carrying wires in close proximity to each other, the proximity effect losses must be
taken into account. These losses are caused by the alternating flux in a conducting
material caused by the alternating flux in the nearby conducting material. This flux
is not desired can produce circulating eddy currents which will result in the apparent
increase in the resistance of the wire [17]. From there equation 4.6 is derived where
the outer radius and the pitch angle along with the width of the wire can determine
the inner radius of the coil [5].

Di = Do − 2N(w + p) (4.6)

The length of the wire needed to construct this certain coil [5] was determined
by using equation 4.7. It is important to know the actual length of the coil as it is
needed to buy the right amount of Litz wire to build it as well as to calculate the DC
resistance as shown in equation 4.12.

l =
1

2
Nπ(Do +Di) (4.7)

Equation 4.8 and 4.9 [5] are of importance because the inductance equation
given in 4.10 is found to be accurate for most geometries except when the geometry
has very few turns, when the pitch angle is relatively large compared to the wire
diameter (p >> w) and when c

a
< 0.2 [5]. Therefore, it was ensured that the coils did

not have very few turns and that the pitch angle is not extremely large with respect
to the wire diameter. It was also ensured that the c

a
ratio was not smaller than 0.2 as

these equations do not hold for values of c
a

less than 0.2.

a =
1

4
(Do +Di) (4.8)

c =
1

2
(Do −Di) (4.9)

Having determined all of the physical parameters of the coil, the inductance [5]
of the coil was determined using equation 4.10.

L[H/m] =
N2(Do −N(w + p))2

16Do + 28N(w + p)
· 39.37

106
(4.10)

Thereafter, the resonant capacitance [5] can be determined to be using equation
4.11. This capacitor plays an important role in the system as it, along with the
inductor, allows for resonant wireless power transfer. The resonant frequency of the
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transmitter system and the receiver system are tuned in such as way that they are
both operating at the same resonant peak.

C =
1

2πf 2L
(4.11)

RDC =
l

σπ(w/2)2
(4.12)

δ =
1√

πfσµo

(4.13)

The DC resistance and the skin depth [5] can both be approximated using equa-
tions 4.12 and 4.13 respectively. The DC resistance is the innate resistance of the
material to and increases as the length of the wire increases as shown in equation
4.12. The width of the wire is fixed, as well as the conductivity of the wire, thus the
only factor affecting the DC resistance of the wire is its length. The AC resistance
which is expressed through the skin depth resistance is affected by the frequency
of the system. The higher the frequency of the system the more prevalent the skin
depth resistance becomes. The skin depth effect occurs in AC signals where the
current density does not flow uniformly through the wire rather builds up around the
outside of the wire and decreases exponentially as the distance from the surface
increases. To prevent this effect from causing unnecessary resistance, Litz wire is
used as it consists of multiple strands of wire within one larger wire, thereby de-
creasing the width of each strand decreasing the skin depth resistance. Since all
the wires have a smaller diameter, the AC signal can penetrate through more of the
material.

The total resistance, which is a combination of the DC resistance and the skin
depth resistance, is calculated using 4.14. In order to have a high Q factor, this total
resistance should be reduced as much as possible.

Rtot = RDC
w

4δ
=

√
fπσ

µo

wN(Do −N(w + p))

w
(4.14)

4.6 Conclusion

After understanding how the operation of the class E amplifier and the coils are
critical to the operation of this WPT system, the parameters of both the transmitting
and the receiving coils is presented in table 4.1.

The inductances of the coils are both determined by the requirement of the induc-
tors in the transmitting and the receiving circuits respectively, but the actual dimen-
sions of the coils are determined through the design equations presented in section
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Transmitting Coil Receiving Coil
Inductance: 4.0uH 2.8uH
Number of Turns 4.0 4.0
Pitch (meters) 0.0187 0.0057
Wire Diameter (meters) 0.0021 0.0021
Inner Diameter (meters) 0.1340 0.0876
Outer Diameter (meters) 0.3000 0.1500

Table 4.1: Properties of Transmitting and Receiving Coil

4.5. In order to maximise the quality factor in these coils, some simulated studies
were conducted to see how the quality factor could be maximised while achieving
the necessary inductance values.
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Chapter 5

Models

5.1 T- Model

In order to more accurately calculate values for the receiving and transmitting coils,
the IWPT circuit was simplified into an equivalent circuit as shown in figure 5.1,
which was very similar to the equivalent circuit of a transformer. Inductor L3 aims to
model the mutual inductance between L1 (transmitting coil) and L2 (receiving coil),
as it is calculated by using the mutual inductance formula 5.1.

M = k
√
L1L2 (5.1)

k is the coupling factor which dictates how well the two circuits are ”connected”
to each other and L1 and L2 are the self inductances. Since this IPT is a loosely
coupled system, the coupling factor k is usually in the range of 0.1 to 0.3. The
values of C1 and C2 are chosen using the resonant equations of a series-series
compensation topology discussed in section 2.5

When initially designing the class E amplifier circuit, the T model was used as it is
a good representation of how the actual circuit will behave with certain component

Components Values
R1 1mΩ

C1 20pF
L1 4uH
R2 1mΩ

C2 42pF
L2 2.76uH
R3 3Ω

L3 0.66uH

Table 5.1: Simulated values in the T- Model
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Figure 5.1: Equivalent circuit of magnetically coupled coils. L1 is the transmitting
coil, L2 is the receiving coil and L3 is the mutual inductance between
the two coils. R1 and R2 are the parasitic resistances of the circuit while
R3 is the load (battery).

values. Since the coupling did not have to be simulated between two coils, using
this method was much more time efficient and yielded result that provided a good
indication of how the actual system would perform. The values used in the model
are shown in table 5.1 and the voltage and current at the load are displayed in figure
5.2. The RMS voltage is around 18 Volts and the current is around 7 Amps, which
equates to around 126 Watts RMS. The results of the T-Model simulation will not be
exactly the same as those seen in the actual circuit model, but it will give a good
idea of how the circuit will behave. Since there is no rectifying bridge, no MOSFET
and other components, the actual power output from the circuit will be less than that
shown in the T- model simulations.

5.2 Series- Series Inductive Power Transfer Circuit

A series- series resonant topology, shown in figure 5.3, was also created to see
the frequency behaviour of the system for differing coupling factors to simulate real
world use.

Inductors L1 and L2 are coupled together and the input for the circuit is chosen to
be a 100 V sine wave. As the frequency was swept from 5 MHz to 30MHz, the circuit
was tested for a range of coupling factors to see how it would react and to understand
the circuits behaviour for different frequencies. The circuit’s performance can be
measured in a few substantial ways that can unveil the efficiency and the power
transfer of the system. One of these methods is known as the S-Parameter which
describes the relationship between two ports in an electrical system. In an electrical
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Figure 5.2: RMS Current and Voltage in the T- Model system. RMS voltage is 18 V
and RMS current is 7 Amps.

Figure 5.3: Series- Series Resonant Circuit. L1 and L2 are the coupled coils and
C1 and C2 from the series circuits for the transmitting and the receiving
side respectively.



34 CHAPTER 5. MODELS

system, a port is defined as place where voltage and current can be delivered.
Thus in the case of the WPT system, it can be defined as a 2 port system with
one port being the output from the transmitting antenna and another port being the
receiving antenna [18]. The S-parameter that is of importance in this circuit is the
S21 parameter which represents the power delivered from Port 1 to Port 2 (Power
from transmitting coil to receiving coil). The S21 parameter can be expressed in the
following way for a WPT system.

S21 = 2
VLoad
VSource

√
RSource

RLoad

(5.2)

Equation 5.2 gives the power that is delivered to the load when compared to the
source voltage.

The circuit also showed interesting frequency behaviour when the coupling fac-
tor was changed from 0.1 to 0.6. Since this is a loosely coupled system, the coil
parameters and the circuit design have been made with a coupling factor of 0.4 as
that was the maximum achievable coupling factor found in other papers for loosely
coupled WPT systems. These results will be discussed in the following Chapter,
aptly named Sensitivity Analysis.



Chapter 6

Sensitivity Analysis

Sensitivity Analysis is an important tool that simulates how the system will behave
when different parameters of the system change due to known or unknown circum-
stances. The 3 parameters of importance that could vary throughout the course of
the WPT system are the coupling factor, the resonant capacitor value, and the load
on the system.

6.1 System Load

Figure 6.1 displays how the impedance curves of the system changes as the cou-
pling factor of the system is varied. The dotted line plots can be ignored as they are
plotting the phase of the signal and that is not of relevance for this application. The
black plot is the system impedance of a coupling factor of 0.1, and the blue plot is
for the system designed coupling factor of 0.2 and so on. Since the circuit uses a
Series- Series topology, as explained in section 2.5, the impedance at the resonant
peak will be a minimum which is what is seen in figure 6.1.

The system load analysis is a useful way of seeing how the resonant frequency
of the system would change as function of the coupling factor. This idea is seen in
figure 6.2 where the coupling factors are the x- axis and the y- axis is the systems
frequency deviation from 13.56 MHz.

Since the system is designed for a coupling factor of 0.2, the frequency deviation
is 0, but as the coupling factor increases, the deviation from the desired frequency
of 13.56 MHz increases and it resonant peak shifts. Knowing this information is
crucial in designing a proper control system that accurately adjusts the necessary
parameters to tune the system back into resonance. This can be done by either
changing the frequency of the MOSFET driver and thereby adjusting the DC choke
inductor or by tuning the resonant capacitor.
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Figure 6.1: How the change in the coupling factor affects the frequency of minimum
impedance of the system. Blue curve is k = 0.2 and impedance of the
system is lowest at 13.56 MHz (Ideal). Red plot if k = 0.3 and so on.
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6.2 Resonant Capacitor Analysis

Doing a sensitivity analysis on the resonant capacitors is of high importance be-
cause it provides the designer with the understanding of how the ageing of the
components could lead to the different behaviours in the circuit. The value of the
capacitance will vary due to the ageing of the circuit, the temperature cycles that
it goes through and other more complicated reasons, thus understanding how the
system will behave to capacitance variations is useful to know. [19]

More importantly, there are only a few capacitors that are currently available on
the market that are made for high energy resonant applications. The values required
for a resonant capacitor in WPT applications are usually quite small, therefore it is
difficult to find the exact required capacitor value [19].

As shown in figure 6.3, the frequency deviation of the circuit was plotted against
the deviation of the resonant capacitor to see how the much the frequency would
deviate from desired one as the value of the capacitor fluctuates. As displayed by
both figures, the curve resembles a 1√

X
relationship which makes sense as the fre-

quency and the capacitance are related with a 1√
C

relationship. This illustrates that
for a coupling factor of 0.1, the frequency deviation is less than the frequency devi-
ation for the system with a coupling factor of 0.2. For every capacitance deviation,
the appropriate frequency deviation is lower, which suggests that the system is more
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robust to capacitance deviations for lower coupling factors.

6.3 Coupling Coefficient

The coupling coefficient is one likely the parameter that will affect the performance
of the circuit the most as it dictates how well the two coils are aligned and how
much flux from generated from the AC signal in the primary coil is generating an
AC signal in the secondary signal. The behaviour of the circuit for different coupling
coefficients can be seen from figure 6.4. The blue curve is the resonant frequency of
the circuit for a coupling factor of 0.2. As the coupling factor of the system changes,
the reflected impedance of the secondary circuit on the primary circuit also changes,
thereby shifting the resonant frequency of the system. As seen, when the coupling
factor is increased or decreased, the circuit demonstrates a frequency behaviour
where the resonant peak shifts as the coupling factor changes. This principle is
demonstrated through figure 6.4.

Figure 6.4: S21 parameter for coupling factors of the system. Blue plot is the sys-
tem for a coupling factor of 0.2. Red plot is for a coupling factor of 0.3
and so on.

In figure 6.4, there are multiple curves that represent coupling factors from 0.1 till
0.6. The black curve represents the power received by the load when the coupling
factor is 0.1, and the blue curve is the output power at a coupling factor of 0.2 and so
on. The dotted lines in figure 6.4 can be ignored for this application since they are
describing the phase of the signal for each of the system for the different coupling
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factors. The location of the resonant peaks on the frequency spectrum changes
based on the coupling factor between the transmitting and the receiving network.
This has a major influence of the power transmission capabilities of the system as a
change in the coupling factor would move the resonant peak to a different frequency
causing the system, at 13.56 MHz, to no longer be operating at the resonant fre-
quency, leading to lower power transmission. Since the impedance of the system
is the lowest at the resonant frequency, the best results will be achieved when the
system is operating at resonance. The system values were initially designed for a
coupling factor of 0.2 since that is the most common coupling factor for loosely cou-
pled systems. Any coupling factor higher or lower will lead to an inefficiency system
unless compensated for by an external control system. It would require a control
system that could adjust the needed values in the system to ensure that it always
operates at the point of lowest impedance and the point of maximum power output.
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Chapter 7

Results

Due to the ongoing situation with the COVID- 19 pandemic, access to testing facili-
ties were very limited, therefore only simulation testing was possible. Following the
procedure outlined in Chapters 2 and 4, values for the entire system were found and
verified using LT Spice. The values of the components in the class E amplifier model
are displayed in table 2.1.

The values of all the components were chosen using the design equations pre-
sented in Chapter 2 and thereafter were tested through simulation using LT Spice to
see the appropriate power could be delivered to the load. The value of the capacitor
C2 is directly dependent on the value of inductor L2, and the value of capacitor C3 in
figure 7.1 was approximated using the design equations but then was later tweaked
through simulation. It was preferred to keep the DC supply voltage as low as pos-
sible to achieve the required power output, and that could be done by refining the
coil parameters and ensuring that the circuit is always operating at a resonant peak,
regardless of the coupling between the two circuits.

On the other hand, creating the secondary circuit was a much simpler process,
but not without its challenges either. Conscious decisions were taken in order to
ensure the efficient working of the secondary circuit. The diode bridge used Shottky
didoes as explained in section 3.2, in order to decrease the switching losses and
switching time. As explained in section 3.4, the value of the capacitor C4 was also
tweaked through iteration and simulation. This process was shown through figure
3.2 and figure 3.3.

The entire circuit diagram can be seen in figure 7.1, where both the transmitting
circuit and the receiving circuit are shown. Inductors L1 and L2 are both magnet-
ically coupled to each other and capacitors C1 and C2, respectively, are resonant
capacitors used to resonant the circuit at 13.56 MHz.
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Figure 7.1: Complete WPT system diagram

7.1 Coil Parameters

After finalising the circuit values for the class E amplifier and the secondary cir-
cuit, the inductance values where then used to craft the coil properties required to
generate the needed inductance. This was done using the equations presented in
Chapter 4 and ultimately resulted in the following coil properties for both the primary
and the secondary coil shown in table 4.1. A MATLAB script was written, which cal-
culated the optimum values of all the parameters for a given inductance value, outer
diameter, and wire diameter.

7.2 Power Output

The main goal of this entire system was to charge a DJI drone with at least 75 Watts
of power such that it would be completely charged within one hour. With a 100 V DC
power supply the system, at a coupling factor of 0.2, which is quite an appropriate
coupling factor for a loosely coupled system, the system was able to deliver around
90 Watts of power to the battery at a voltage of 16V. The DC supply voltage can
even be decreased to a lower value and still sufficiently meet the requirement set for
this WPT system, but this will yield poorer results if the coupling factor drops below
0.2.
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Figure 7.2: The total power output of the circuit

7.2.1 Efficiency

When simulations were done to see the overall efficiency of the system, the results
were mixed. The system had an efficiency of around 10% at a coupling factor of
0.2, which increased to around 50% for a coupling factor of 0.4. However, when
seeing where the losses were occurring, it was noticed that at every switching point
on the MOSFET, there was a massive power spike for around 1ns. After the original
MOSFET was replaced by a Gallium Nitrate one, the efficiency of the system 60%. It
was concluded after a discussion with Dr. Venugopal, that this might be a simulation
error and not much attention should be paid to this number. Due to the unavailability
of the labs, testing was not able to be done on the system to see what the actual
efficiency of the system will be.

7.3 Power Output Relationship to Coupling Factor

As illustrated in figure 6.4, as the coupling factor of the system changes, so does
the S21 parameter, which indicates that the power output from port 1 to port 2 also
changes. As the coupling factor increases or decreases, the resonant frequency
shifts from 13.56 MHz to other frequencies, thereby drastically dropping the power
output of the system. Since the system moves away from the resonant peak, it is
no longer operating at the point where the impedance is minimum, as explained in
2.5, thus there will no longer be maximum current, thereby decreasing the power
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output. This is primarily due to the fact that when the coupling factor changes, the
reflected impedance from the receiving circuit to the transmitting circuit changes,
thereby causing a shift in the behaviour of the class E amplifier system. There are
few ways that the system can be tweaked, but the one that will be discussed here will
be a frequency control method where the frequency of the system will be adjusted
based on the coupling of the system.



Chapter 8

Conclusions and Future Works

The chapter consists of two sections, the conclusions that can be drawn from the
work done in this paper, as well as a future works section which will discuss how the
work can be furthered in the future.

8.1 Conclusions

The aim of this thesis report was to present a WPT system that would be capable of
fully charging a 75 W drone within an hour. In order to do so, an amplifier circuit and
coils had to be designed and tested through simulation. As presented in chapters2
and 4, both circuits discussed how the coils and the class E amplifier were designed
and the results were presented there as well. Due to the COVID-19 restrictions
preventing access to the lab, simulation testing account for all of the testing done
on the circuits. From the results, it can be stated that the goal of the thesis was
achieved as the circuit was able to deliver around 90 Watts of power to the battery of
the drone. However, one would expect that the circuit would not perform as well in
the real world as it does in simulation as there will be real world losses that cannot be
accounted for with a simulation software such as LT Spice. It is not exactly sure how
the coupling of the two coils will be in the real world, thus all of the simulations done
and the circuit design assume that the system will have a coupling factor of 0.2, but
that is also not a certainty. Furthermore, the components in the real world will not
have ideal behaviour as they do in the simulations, thus the system will need to be
tuned while it is being built and tested. However, through the sensitivity analysis, the
general behaviour of the circuit to different parameter changes is known, therefore
diagnosing issues with the circuit in the real world will be clearer.

The coils that were designed based on the inductance value provided from the
amplifier circuit seemed to make sense and were realisable when taking the practical
restrictions into account. The receiving coil has an outer diameter of 15 cm outer

45



46 CHAPTER 8. CONCLUSIONS AND FUTURE WORKS

diameter with 4 turns, which is reasonable size for a coil that must have an self
inductance of 2.76 uH. The size of 15 cm also makes it viable to be placed on
the drone without substantially reducing the payload capacity. Similarly, the outer
diameter of transmitting coil is 30 cm which is also a reasonable size for a coil with a
self inductance of 4 uH that is transmitting 95 Watts of power. Through this process,
it was uncovered that a successful design process constantly requires development
of predeveloped systems and requires refinement between all the relevant domains.

The class E amplifier circuit, worked well and was able to achieve zero voltage
and current switching while supplying the necessary amount of power to charge the
drone. There was a potential simulation error that did not paint the proper picture of
the total efficiency of the system.

The receiver also performed as expected and with Silicon Carbide diodes, the
losses on the diodes were reduced even further, and the system was operating at
an even more efficient state. The value of the capacitor was modified to find the
right compromise between start up time and voltage fluctuations. The design of the
receiver circuit was straight forward and did not pose any unique challenges since
it consisted only of passive components. However, after coupling the transmitting
and the receiving, the transmitting circuit behaved differently, since the reflected
impedance played a role in the transmitting circuit as well, leading to some parame-
ter changes in the primary circuit.

Using the different models to understand the different behaviours of the circuit
helped build understanding of how the entire system works as a whole. The use of
the model broke down the system into smaller parts that could be analysed sepa-
rately before putting them all together and seeing the total behaviour of the circuit in
the complete system model.

The sensitivity analysis also helped in concluding that this WPT system is sen-
sitive to change in the system, thus there must a control system put into place that
will compensate certain parts of the circuit to bring the system back into resonant
operation. Through this report, it was clear to see that the coupling factor has a
very dramatic effect on the system and affects the resonant frequency. Similarly,
a relationship between the coupling factor and the impedance was also observed
as it could be seen how the change in the coupling factor of the system affect the
reflected impedance and thereby also changed the resonance trough.

All in all, the overall system behaved as expected and all of the different sub-
systems in the circuit came together to form an entire system that was able to supply
95 Watts to the DJI F550 drone at a coupling factor of 0.2.
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8.2 Future Works

There are multiple things that can be improved in this system in the future which
will make the system more robust and also more viable in real world usage. First of
all, the system can be improved by designing a control system that adjusts the nec-
essary parameters according to the data measured from the circuit. As mentioned
earlier, the reflected impedance could be measured to know how the resonant peak
has moved, which can thereafter be corrected by a system that tunes the frequency
of the system.

8.2.1 Frequency Control System

A frequency control system is one that tunes the operation frequency of the sys-
tem based on the reflected impedance that is observed in the primary circuit. This
method is discussed in detail in paper [20] where a control system measures the
reflected impedance as it varies with the coupling factor, thereby adjusting the fre-
quency. This is done while keeping the resonant capacitor values constant, thereby
the resonant inductor values as well. In order to do this, first the reflected impedance
of circuit is determined through the equations discussed in detail in [20], thereby
prompting a calculation for the DC feed choke inductor as well as the shunt capaci-
tor. The details of how this method is executed is laid out very thoroughly in [20], but
the general idea is to initially measure the reflected impedance of the system, and
thereafter tune the frequency, shunt capacitor and the DC choke inductor to ensure
the optimum switching conditions of the amplifier and efficiency power transfer.

In order to make this tuning system viable during operation, the DC choke induc-
tor must be adjusted electronically instead of mechanically, and this can be done
using a saturable reactor, where the magnetic core can be saturated by applying
an external DC current, resulting in the change of the inductive reactance of the in-
ductor. By changing the permeability of the core, the inductance of the system can
change. This entails that the DC choke inductor cannot be an air- core coil and must
have a core in order to electronically control its inductance [21].

This is one way that the system could be controlled when the coupling factor or
another factor changed in order to re-tune the system back into resonance.

8.2.2 Mechanical realignment system

Another solution that could be discussed to improve the overall performance of the
system would a mechanical alignment system that would align both the coils re-
gardless of where the drone lands in order to ensure the highest possible coupling
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all the time. This could be done by moving the transmitting coil to make sure that
it is perfectly under the receiving coil, thereby ensuring the maximum possible cou-
pling. Implementing a misalignment system would solve the problem of the resonant
frequency shifting and would use the reflected impedance calculated by the control
system to realign the two coils in order to always operate at 13.56 MHz.
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Appendix A

MATLAB

A.1 Recieving Coil Code

Di = 0;
l =0;
a = 0;
c = 0;
L = 0;
C = 0;
Rdc = 0;
de l t a = 0 ;
R = 0;
Q = 0;

s ig = 59.6∗10ˆ6;
de l t a = 0 ;
mu = 1.2566∗10ˆ−6;
D0 = 0 .15 ;
w1= 0.00205232;
p1 = 2.8∗w1
N1 = 4;
f = 13.56∗10ˆ6;
omega = 2∗pi ∗ f ;

Di = D0 − 2∗N∗ (w1+p )
l = ( 1 / 2 )∗N∗pi ∗ (D0+Di )
a = 0.25∗ (D0+Di )
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c =0.5∗ (D0−Di )

L2 = ( ( N1ˆ2∗ (D0−N1∗ (w1+p ) ) ˆ 2 ) / ( 1 6 ∗D0+28∗N1∗ (w1+p ) ) ) ∗ ( 3 9 . 3 7 / 1 0 ˆ 6 )
C2 = 0 . 8 5 ∗ ( 1 / ( ( ( 2 ∗ pi ∗ f ) ˆ 2 ) ∗ L2 ) )
Rdc = ( l ) / ( s ig ∗pi ∗ (w/ 2 ) ˆ 2 )
de l t a = ( 1 ) / ( sqrt ( pi ∗ f ∗ s ig ∗mu) )
R= Rdc∗ (w/ ( 4∗ de l t a ) )
Q2 = ( 1 /R) ∗ ( omega∗L2 )
n = 1− ( 2 / ( 0 . 1 ∗ sqrt (Q1∗Q2 ) ) )
q = Q1/Q2;
Q = sqrt (Q1∗Q2 ) ;
g = 3 / ( omega∗L2 ) ;
lambda = 1 / ( q∗Q∗g ) ;
e f f = 1/ (1+ lambda )

A.2 Transmitting Coil Code

%% Ca lcu la t i ng Di
Di = 0;
l =0;
a = 0;
c = 0;
L = 1;
C = 0;
Rdc = 0;
de l t a = 0 ;
R = 0;
Q = 0;
Res i t = 0 ;

s ig = 59.6∗10ˆ6;
de l t a = 0 ;
mu = 1.2566∗10ˆ−6;
D0 = 0 . 3 ;
w= 0.00205232;
p = 9.1∗w
N = 4;
f = 13.56∗10ˆ6;
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omega = 2∗pi ∗ f ;

Di = D0 − 2∗N∗ (w+p )
l = ( 1 / 2 )∗N∗pi ∗ (D0+Di )
a = 0.25∗ (D0+Di )
c =0.5∗ (D0−Di )

L1 = ( (Nˆ2∗ (D0−N∗ (w+p ) ) ˆ 2 ) / ( 1 6 ∗D0+28∗N∗ (w+p ) ) ) ∗ ( 3 9 . 3 7 / 1 0 ˆ 6 )
C1 = 0 . 8 5 ∗ ( 1 / ( ( ( 2 ∗ pi ∗ f ) ˆ 2 ) ∗ L1 ) )
Rdc = ( l ) / ( s ig ∗pi ∗ (w/ 2 ) ˆ 2 )
de l t a = ( 1 ) / ( sqrt ( pi ∗ f ∗ s ig ∗mu) )
R= Rdc∗ (w/ ( 4∗ de l t a ) )
Q1 = ( 1 /R) ∗ ( omega∗L1 )
Res i t= 0.00521∗ l

A.3 T-Model MATLAB Code

k = 0 . 2 ;
L1p = 4e−6;
L2p = 2.76e−6;
Rloadopt = 3 ;
w = 2∗pi ∗13.56e6
M = 0.2∗ ( sqrt ( L1p∗L2p ) )
L1 = L1p − M
L2 = L2p − M
C1 = 0 .85∗ ( 1 / ( ( 13 .56 e6 ) ˆ2∗4∗ pi ˆ2∗L1p ) )
C2 = 0 .85∗ ( 1 / ( ( 13 .56 e6 ) ˆ2∗4∗ pi ˆ2∗L2p ) )
L2p = Rloadopt / (w∗k )

A.4 Class E Amplifier Code

%% Calcu la te Parameter Values
R L=3;
f s =13.56e6 ;
Co = 750e−12;
C1 = 1000e−12;
L2 = 8.1872e−04;
Vin = 100;
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C1 = 1/ (2∗ pi ∗ f s ∗R L∗5.447)
L1 = ( ( pi ˆ2+4)∗R L ) / f s
C2= 1 / ( ( ( 2 ∗ pi ∗ f s ) ˆ 2 ) ∗ L2 )
Ceq= ( (C1+Co)∗C2 ) / ( C1+Co+C2)
f1 = ( 1 ) / ( ( 2 ∗ pi ) ∗ ( sqrt ( L2∗C2 ) ) )
f2 = ( 1 ) / ( ( 2 ∗ pi ) ∗ ( sqrt ( L2∗Ceq ) ) )
check = 1 / (2∗ f1 ) + 1 / (2∗ f2 )
Check2 = 1/ f s
VbrDss = 3.56∗Vin + 0.2∗Vin
L2new = R L / ( (2∗ pi ∗ f s )∗0 . 2 )
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