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ABSTRACT

With the presence of traditional thick and heavy cables for charging, the risk of humans
exposed to high-voltage, and due to mechanical wear and tear in conductive materials,
inductive wireless charging was introduced which is the future of charging technology.
This project has focused on magnetic-coupled wireless transfer with some key
components involved such as a DC voltage source, a full-bridge inverter, LLC resonant
tank, an isolated transformer, a full-bridge rectifier, and a resistance load. Various
topologies were consulted from previous literatures on Electric Vehicles, buses, and trams
but only one topology was adopted, which is the LLC resonant converter topology. A
successful wireless transfer of energy was made after careful modelling and simulation,
design and construction were done with desired specifications. A laboratory prototype
was also built and the design steps, its theoretical analysis, and required calculations can
be seen in this report. This project will serve as a guide for small electric vessels in

choosing and implementing the optimum wireless charger at a beneficial cost.

Keywords: wireless power transfer, inductive power transfer, operating or switching

frequency, resonant frequency, inductive coils, LLC resonant converter
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1 INTRODUCTION

The world is changing so fast, and what looked like a fantasy is becoming our reality. It
seems that progress spreads to all spheres of humanity’s life, but one of the most amazing
breakthroughs has been achieved in energy. About two decades ago, it appeared there was no
effective alternative to the conventional fossil fuels such as gasoline and oil, but it turned out
that there is a better, cleaner, and more effective substitute to them: electricity.

The maintenance cost of electric vessels is lower than the one of those fuelled by
conventional diesel. Fuel prices heavily depend on the political and military situation in
countries providing oil; even if we do not take it into consideration, one year of running a
conventional vessel would cost you thousands/millions of Norwegian Krones. At the same

time, running an electric maritime vessel would cost you significantly less in a year.

“The practical importance of the wireless power transfer (WPT) systems has been obvious
since the time of N. Tesla, and recent advances in this field, accompanied by the exponential
growth in the request for fast and efficient wireless charging of battery-powered devices, has
made these systems especially topical” [12]. The two main categories of wireless power
transfer (WPT): magnetic-coupled power transfer and electric-coupled power transfer. Up till
date, many real-world applications use the magnetic-coupled power transfer technology to

achieve wireless charging. For example,

Implantable medical devices, portable equipment, e-bike, plug-in hybrid vessels, electric
vehicles and so on. The electric-coupled power transfer technology is used in dynamic
devices and instances which are restricted by space, such as synchronous machines and
internal isolations [11]. Moreover, IEEE Xplore Digital Library website has published more
than 7500 articles on wireless power transfer which are available to the public. Within the
years 2014 to 2017, the researchers have published more than 5,000 articles based on previous
articles [13].

In [14], an advantage of wireless charging can be said to be its safety and convenience of
charging while the part being charged is at rest. Research and development have been focused
mainly on cost and efficiency because inductive power transfer which is adopted for wireless
charging is a lead technology for the widespread presence of electric vessels [15]. The

1



technical challenges that are related to wireless charging infrastructures includes its
modelling, simulation, design, construction, operation, and maintenance of the infrastructure.
There are lots of wireless charging development stages that are involved when using the
magnetic coupler, and it has some of the properties of a transformer with few millimetres
distance between the transmitter (Tx) which is the primary coil and the receiver (Rx) also
known as the secondary coil [14]. Another fundamental challenge of inductive power transfer
(IPT) systems is to increase the positioning tolerance between transmitter and receiver coils
and to ensure the interoperability for a variety of vessels [16]. It is said that the power that can
be transferred and the efficiency in IPT systems to a great degree depend on a coupling factor
called k, which diminishes with an increasing air gap to coil size ratio. With respect to power
electronics, the design alongside the fundamental function and operation of a series
compensated resonant converter is discussed in this paper but it is not the main objective of
this project [17].

In [10], the Inductively Coupled Power Transfer (ICPT) system makes it feasible to charge

wirelessly at a range of distance to prevent safety matters and to provide comfort to the users.
Although the ICPT system has been successful for the charging of the electric vehicles, but it
continues to have some challenges, prominently limitation of misalignment tolerance and low

efficiency of the overall circuit.

1.1 GMV Zero
When trying to farm fish sustainably, it makes sense to tend the farm with a supply vessel that

is also environmentally friendly. GMV Zero is a workboat designed for daily tending of fish
farms. GMV Zero is the world's first fully-electric boat. The boat is to be used by Trollvika

operation, owned by Northern Light Salmon and Sgrrollnes Fisk [2].

The pilot house is equipped with a pantry and seating area designed for about 4 persons. The
main deck is fitted with a wardrobe, a work or washbasin, and a separate toilet room. The
vessel will have a cruise ship of more than 10 knots and a range of over 26 nautical miles at 8
knots. This boat will save the environment from emissions of approximately 900 kg of NOx
(nitrogen oxide) and 90 tonnes of CO2 (carbon dioxide) annually and will also save 200,000
kroner in annual fuel costs compared to a traditional diesel boat. GMV Zero has its main
dimensions 13.97 x 7.6 x 2.40 meters, and has an on-board crane certified for 32 tonne-meters

lifting. With two capstans of 3 tonnes and hydraulic HP-washer, the vessel is ready for a wide
2



range of operations during fish farm tending. Two electrical main propulsion motors of 107

KW together with an electric bow thruster gives impeccable response while manoeuvring [2].

Figure 1.1: the GMV ZERO electric vessel


https://d178ivhysawugh.cloudfront.net/media/l/920x561/245,245,245,0/1519478444/electric-workboat.jpg?src=1920w&res=1x

1.2 Project Description

1.2.1 Problem Analysis

The problem is that there are no quick chargers with enough power and low enough weight to
be mounted on board for the fish farm electric vessel. Also, in general, when it comes to
charging of GMV Zero, the main concern is the thick and heavy cable that the crew needs to
plug in every day to charge the boat. Docking time is much longer than that of a ferry, since
the boat mainly will charge over-night in addition to lunch breaks, if required. Wireless
charging could make the whole procedure easier and at the same time, reduce the wear and

tear that will occur with cables and plugs.

Introducing the inductive charging power transfer technology to the marine sector initiates
certain challenges. The most obvious one is that electric fishing boats require outstanding
higher energy and power levels for operating between two charging ports i.e. the receiving
end and the sending end, as compared to city buses, trams, and some electric vehicles. The
inductive charger as a result of that must be able to deliver power in several hundred-kilowatt
power range, by preference in a single unit. Besides, for point-based high-power battery
charging, road or rail vehicles are normally immobilized while charging. By contrast, a
docked vessel can move with respect to the fixed onshore charging structure during charging
operation due to the combined action of the wind, waves, and draft of the vessel, also in
reaction to the change in tilt and draft that results from loading and unloading the vessel. The
charging system must be designed so that the amount of power transferred, as well as
efficiency and safety in operation, are not compromised despite such movements. This means
that the system should have a high tolerance to misalignment and variations in airgap distance
and that it should be controlled to automatically compensate for the effect of such differences

in relative position [1].

1.2.2 Project Limitation
There are two major types of wireless power transfer but in this project, I will focus and will

work using the magnetic-coupled power transfer also known as the inductive coupling.

In addition to that, there are several topologies that can be used in the resonant converter
namely L filter, LC filter, LCL filter, LCCL filter, CLLC filter and so on but I will be using

the high-order LLC filter because the time allocated to this project is quite limited and the



LLC filter seems to be the best topology for this case in order to get the best of results and
also provide attenuation for the PWM carrier and side-band voltage harmonics.

In [13], it is suggested the square wave (SQW) inverter topology be used as compared with
the pure sine wave (PSW) simply because it may be a better option in the sense that the
design of the SQW is simpler, it has a lower loss, lower switching frequency, fewer
components, low manufacturing cost, and shorter microcontrollers (MCU).

The GMV Zero type vessel which | am proposing a solution to in this project has 350KWh
battery power and 2 electrical main proportion motors of 107KW. When these motors are
being used, from basic calculations, the battery would last for approximately 3.3 hours. But
with other electrical appliances onboard, I’1l assume it lasts for 3 hours. So therefore, I need
to simulation and design a wireless charger that would charge a 350KWh battery and not

more that rated power of the battery.

1.2.3 Project formulation/objectives

1.2.3.1 Formulation
The goal of the project is to model and simulate, design and construct a wireless charging

system for small electric vessels.

1.2.3.2 Objectives
The main objectives of this project are as follows:

1. Overview of existing wireless charging solutions, with focus on inductive charging.

2. Evaluate and propose a solution for charging a GMV Zero type vessel from other
areas such as electric cars and large ferries or ships.

3. Modelling and simulation of a selected wireless charging solution, with focus on the
power electronics and control systems.

4. Design a prototype laboratory setup for wireless charging.

5. Construct a prototype and perform small scale experiment (if time permits).



1.3 Thesis Structure and Layout
This project is structured as follows: In the first chapter, an introduction is made to the

research topic and motivated. The second chapter introduces the reader to some common
wireless charging topologies and operations, discusses some technologies that are currently
driving the maritime vessels and electric vehicles. In chapter three, a full-bridge LLC
converter was simulated and modelled, designed and constructed according to desired
specification, and a description of the laboratory setup. You will also find the design steps in
chapter three. Chapter four discusses the inductive coil design, its basic calculations and how
to select the optimal coil. In chapter five, some challenges were highlighted. Chapter six
discusses the results and analyses. Chapter seven is the final chapter of this work, and it
presents the conclusions. In this chapter, a reflection is given on the work done and

possibilities for future work is proposed.

Introduction

» Infroduction

Literature
Review

= Commaon technologies.
= Different topologies.

= Ful-bridge Inventer and
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Coil Design
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« Graphical i
of results and analysis

Conclusion

6 = Conclusion
= future work.

Figure 1.2: the thesis structure and layout
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1.4 Resources

1.4.1 Software
MATLAB/Simulink software and dSPACE control desk will be used to do the modelling and

simulation of this project.

1.4.2 Hardware
Below is a list of some of the hardware that will be used in this project:

Inverter.

Inductive Coupler.
Rectifier.
Capacitor.
Inductor.
MOSFETS.
Diodes.

Battery.

XN RPN

Oscilloscope.
. Transformer.
. DC Power Supply.
. Functions generator.
. Variable resistor.

S S Gy
W N =R O



2 LITERATURE REVIEW

By making practical and effective use of free electrons in a conducting material, electrical
energy has been able to move from one place to the other. Current can flow in this conducting
material when the potential difference is put to practical use across the conducting material,
and as a result of this, electric power can be fetched from a battery or a generator or other
types of power source.

The traditional way of transferring energy from different power sources to the load is by using
wires and cables be it in our homes, industries, and other places, and the choice is easy since
the load in these places are stationary or motionless. However, due to technology
advancements, electrical products are becoming smarter and hence relying on cables to be
connected to a power outlet is becoming archaic, stressful, and less relevant. Also, in some
cases, it may be dangerous to have cable connections because of high voltage exposure,
electric shocks and sparks.

Research and development of hybrid and electrical vehicles is rapid and fast growing because
of the increase in oil prices and due to the concerns of the public and the negative effect fossil
fuels have on the environment. Hybrid and electrical vehicles have an on-board battery
connected to them which can make available partial power or full electric power for
transportation of an entire journey. These batteries are basically charged using cable
connections but there are more options being explored if they are charged wirelessly or
without the use of cables. The batteries could be charged while moving or while parking to
order pizza or something. More of the options explored with wireless charging is that cost of
maintenance is very reduced and no problem of wear and tear since it is contactless.

In WPT, electrical energy is converted to another form of energy which can be transferred by
using inductive coils without the need of connecting conductive wires. A common and simple
example of transferring energy wirelessly can be seen in our radios at home, in our offices or
in the car, where radio waves transfer information such as sound, video and data. As wireless
transfer of energy or wireless power transfer appears to be an alternative or better way of
charging our products, it still has many design setbacks and technological improvements
which needs to be tackled. [31]



2.1 Wireless Power Transfer methods and different Topologies
MOBIMAR (Mobile Marine Applications), Growth in the amount of full electric and hybrid

vessels have brought up the importance of fast charging in addition to the rapid charging
connection after vessel mooring. Extra weight and cost of batteries onboard must be
minimized as well as the mooring time. Due to this, either current or voltage, must be in high
level to keep the charging effective i.e. optimized time wise. In alternating current (AC)
systems the voltage is extremely high over the charging connection whereas in direct current
(DC) systems the current is high. DC can also have high voltage as well, but it depends on the
application with which you are using it and the solution required for the problem. Difference
between AC/DC charging connectors is if the quay or ship side needs to be simple and light.
In AC-systems the quayside can be built simple and cheap. DC-systems are more cost-
effective and lighter for the ships. Criteria of evaluation can depend on how many ports vessel
must visit, which are the grid limits onshore, does the vessel size or speed allow carrying
weight from transformers, rectifiers and chargers on-board. Current efficiency of electric
ferries suffers technically about the complexity of establishing the charging connection
systems nearshore. Above all, the economical competitivity of the electrification is lost with
massive seabed constructions. These seabed foundations are essential for many feeding
connectors and precise mooring systems operating from the shipside some 20-50 meters

offshore depending on the ship length [5].

Kafeel Ahmed Kalwara, Muhammad Aamir, and Saad Mekhilef; proposed a design procedure
which optimizes the electrical parameters involved in the Inductively Coupled Power Transfer
(ICPT) system and match them up with geometrical dimensions of the charging coils involved
in the charging of electric vehicles. The methodology presented in their paper helps in
choosing suitable and proper dimension of the coils and electrical parameters to manage with
the issue of misalignment tolerance. A program based on the mathematical model was
developed in MATLAB software to determine optimal values of overall ICPT system circuit
parameters and the geometrical dimensions of coils. The experiments of the ICPT system
have been carried out with developed optimal coil design for 1 kW power transfer at various
air gaps. The misalignment tolerance of the ICPT system was recorded and presented in their
paper. Their proposed optimal design achieves maximum efficiency of 90.5% at perfect
alignment, however, it maintains the efficiency of 72% at 35-40% misalignment between the
coils. The misalignment test results support the design of coils for EV charging application.
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Generally, there are a few studies that have been conducted for complete design optimization
of ICPT system. The optimization should include optimized number of turns of coils, their

cross section for any desired level of power. [10].

High Frequency Inductively Coupled
Inverter Power Transfer

S1 S2 C; Mutual (2

°'| E °-I E I Induction |

T I
[+ Re sistive: >
i . LigL L2 Load ¥
it A5k

Figure 2.1: the topology used in [10]

DC supply

DC Supply

In [14], Aqueel et al in their publication talked about the different wireless charging
technologies and their implementation. They started with the Static Wireless Charging (SWC)
which due to the enhanced alignment produces a more effective efficiency in power transfer
with different stages involved, and each stage with its complexity and efficiency. Secondly,
they discussed about the Dynamic Wireless Charging (DWC) which eliminates the need to
stop and charge of an EV. This technology charges your vehicle while in motion and it is
expensive to implement because of the need to install an existing magnetic coupler under the
road surface supplied with a high-frequency current generating electromagnetic field, and a
pickup coil installed in the EV. “DWC overcomes most of the problems of the EV, such as
range anxiety, battery size, and battery cost”. And lastly, they discussed about Quasi-
Dynamic Wireless Charging (QWC) which | call the hybrid implementation which allows the
charging possibility while moving slowly or in a stop and move situation. For example, in a
traffic situation. This is basically done by designing an auto-detection system for charging in
this condition which automatically detects whether you are driving or in a stationary position
and switches between the SWC and the DWC effortlessly. This implementation of the QWC
would have been very relevant and useful for this project as stated in section 1.2.1, discussing
the problem analysis about how the vessel is disoriented due to the combined action of wind,

waves, tilt and draft that result from loading and unloading the vessel.
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Figure 2.2: a block diagram of the Dynamic Wireless Charging (DWC) described in [14]

In [15], Fraunhofer wrote about the minimization of the air gap between the primary/sending
side (charging station) and the secondary/receiving side (pick-up coil) which is a feasible way
of achieving an increase in efficiency and a way to reduce the external stray fields. This
brochure also introduced three coil arrangements capable of achieving a reduction in system
costs and required positioning tolerance which are: Non-adaptive — highly tolerant, Non-

adaptive — medium tolerant, and Adaptive Primary Coil.

Secondary coil Primany coi
systemn systerm

Secondary ooil systemn Primary coil sacondary coil  primary coil

.

=i |

Figure 2.3: the three coil arrangements described in [15]

In [17] Christopher et al, in their paper proposed a concept and focused their objective on
minimizing the air gap between transmitter (primary) and receiver (secondary) coils with
respect to an autonomous parking method with a feasibility of values smaller than 20mm.
Therefore, a design and optimization process were performed but it is very principal to set out
the mechanical and electrical constraints for the magnetic design of the multi-coil system for
the inductive power transfer (IPT) for charging electric vehicles. This will help in decreasing
cost of material and minimizes the external stray fields as compared to systems with large air
gaps. Soon after the installation space and anticipated air gap have been defined, a coil
geometry was chosen on the underlying support or foundation of finite elements method
(FEM) simulation. Later the achievable coupling factor and realization of the required
inductance is carried out, which led them to the investigation of the frequency dependent

winding losses by two different numeric approaches. In the end, these design features or
11



properties were considered in order to build up a prototype system to match with the results
from the simulation. Their IPT system consists of one primary and a set of five secondary
circular coils with an outer coil radius of 55 mm and the secondary coils are aligned in a
single pick-up housing. They achieved an efficiency between 92% and 96% at an output

power of up to 3.5 kW as a result.

Front view of Pick-up

J, converter [y

station with rectifier
primary coil

DC ¢ AG Y
Vl.dc l l Vmains
AC 1 Ipc N\ |}
- - -+
[P inverter [1 PFC 1mains

Figure 2.4: an illustration of the topology described in [17]

Molly Lempriere of Power Technology, A research team at Stanford University has hit a
breakthrough in its work on developing wireless power transfer. The project is focused on the
transfer of power for moving objects, building on previous work undertaken at Massachusetts

Institute of Technology into transmitting power over a few feet for stationary objects.

In June 2018, the researchers, led by professor of electrical engineering Shanhui Fan,
published a study entitled robust wireless power transfer using a nonlinear parity-time-
symmetric circuit, explaining how they have effectively managed to transfer small amounts of
power between moving objects. This is a significant breakthrough for the technology,

bringing it closer to real-life application [7].
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Christopher et al in [16], presented in their paper, a novel positioning tolerant inductive
power transfer (IPT) and because of its special structure, the system allows for necessary
interoperation between different vehicles. Besides, additional publications have tested and
proven that the coupling factor k is conditional to the vertical and horizontal distance between
the transmitter (primary) and the receiver (secondary) coils of the IPT system. An orthogonal
alignment between the primary and secondary coil system presents some tolerance with
higher position. They also researched in their paper, different coil shapes in order to attain
maximum coupling in the case of air gap and misalignments because the inductive power
transfer depends on the magnetic coupling and coil attributes. Due to this investigation, a
special orthogonal coil arrangement and system was designed. They showed some FEM-
simulations and measurements, and they were able to achieve their design of an IPT which is
position tolerant and allows interoperation between a large variety of car models using a
bidirectional resonant converter (CLLLC) which required a minimum space while
maintaining high efficiency and flexibility.

L e

Figure 2.5: the CLLLC topology described in [16]

Gongjun et al in [11], in their paper researched about many types of structure for inductive
coils and metal plates. In their paper, space spiral coils and parallel plates are formally
approved without losing its generalization, and the mutual inductance and plate equivalent
capacitance can be calculated. Gongjun and his colleagues proposed in this paper a dual-
coupled robust WPT system (electric-coupled mechanism and magnetic-coupled mechanism)
based on parity time (PT)-symmetric model, where the two main categories of coupling
mechanisms in wireless power transfer are adopted to intensify the transfer efficiency and a
parity time-symmetric circuit is used to bring about the system robustness of their results. The
coupled-mode model is built to describe the system with the intention of studying the

system’s performance. If the dual coupled-mode is compared with single-coupled systems, it
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Is obvious that this scheme can give rise to a constant-characteristics power transfer with even

a longer distance.

Driving|

Vi C—) signal”

]RL

Figure 2.6: the equivalent circuit of the dual-coupled robust WPT system described in [11]
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3 METHODOLOGY

The basic wireless charging technology topology for small electric vessels includes, a DC
power source, an inverter, a resonant tank, inductive coils which are represented by an
isolated transformer, a rectifier, and a load (resistor). And these components are shown in the

block diagram in Figure 3.1 below.

Resonant Isolated

Tank Transformer Rectifier coad

Inverter

DC

. e

Power Source

— AC | DC
J \ J J

Figure 3.1: a block diagram of the Wireless Charger

In my project, a full bridge LLC resonant converter topology is used, and it is described in
next subsections. Figure 3.2 shows my full bridge LLC resonant converter with a full-bridge
rectifier at the secondary side. The input direct current (DC) voltage is inverted to an
alternating current (AC) with the help of a full bridge inverter circuit, the switching bridge
generates a square waveform to excite the resonant tank circuit which consists of Ly, Cy, Lm.
The resonant tank is connected to an isolated ideal transformer which serves as the inductive
coupler in the simulation, the secondary side of the isolated transformer is connected to a full-
wave rectifier which rectifies the AC into a DC; the output capacitor filters the rectified AC
current ripple and the voltage from the full-wave rectifier output is supplied to the load which

is a resistor.
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Figure 3.2: a full bridge LLC converter circuit with a boost converter in the secondary side
The characteristics of this isolated DC-DC converter depends majorly on two resonant
frequencies which can be found in equation (3.1) and equation (3.2) as retrieved from the
literature in [22]:
_ 1
fri= 27T—L,.Cr (3.1)
1

210/ (Ly + Li)C;

The DC converter characteristics moves close to the resonant frequency fr» during light

fr2 =

(3.2)

loading condition and during heavy loading condition, the peak characteristic of the DC

converter goes close to fr1.

Most people would rather have MOSFETS for the design of an LLC resonant converter,
simply because it permits the operation of high frequency making sure that there is less
switching loss and this can be achieved by choosing the optimum values for L, Lr and C.
[22]. But in this project, I used IGBT’s for the software simulation in MATLAB & Simulink,
and MOSFETSs for my hardware implementation. First, this is a matter of personal preference
and because my converter hardware is already embedded with the MOSFETSs. Secondly, my
laboratory setup is for a small application, and IGBT’s are mostly preferred for heavy or high

applications.
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Because a resonant LLC converter has many wanted features such as high efficiency, low
Electromagnetic interference (EMI) and high-power density, the design of a resonant
converter is challenging, and it requires more attempts to achieve an optimum operation as
compared to a PWM converter [29]. As it will be explained in section 3.3 below and like 1
have done with some calculations in section 3.5 below in this project to simplify the
challenges and make it easier to calculate the optimal values in designing the resonant tank.

Section 3 describes an overview of the wireless charger operation in its different mode of

operation with a comprehensive design example along with its schematics.

3.1 Converter Voltage Gain
The voltage gain of the converter = switching bridge gain * resonant tank gain * transformer

turn ratio (Ns/Np). The gain of the switching bridge for a full-bridge inverter is 1 and that of
the half bridge inverter is 0.5.

The gain of the resonant tank can be calculated by doing the analyses of the equivalent
resonant circuit that is shown in Figure 3.3, the gain of the resonant tank is the magnitude of

the transfer function as written in Eq (3.3) which was retrieved from [29].

Lr

C
._IE Y YY) ®

Vin_ac

|||| Lm Rac

Figure 3.3: the equivalent resonant circuit

K@ mF) = [ F(m— 1)
, m, == =
x Vinac(s) \/(m * sz _ 1) + FXZ(FxZ _ 1)2(m — 1)2Q2 (3.3)
Where,
Impedance (Zr): L
Zy ="/ C, (3.4)
Quality factor (Q): Lr/
Q= & (3.5)
Rac

17



Reflected load 8 Ny

resistance (Rac_min): e gz N2 (3:6)
Inductance ratio (K): K= Lm
) (3.7)
Magnetizing L = Rg
=
Inductance (Lm): 2nfy
, (3.8)
L= (k+1) L
PQRk+DTT
Resonant inductor [ = 1
L gaeTaLs e
Resonant Capacitor = 1
(C): " (2rf)2L,
(3.10)
_ 1
T 2mQ * f, * Rqc
Resonant Frequency £ = 1
(fr): " on/L.C, (3.11)
Normalized E fs
=
switching Frequency fr (3.12)
(Fx):
Ratio of Total Primary N Ly + Ly
Inductance to Resonant Ly (3.13)

Inductance (m):

You can plot the gain of the resonant tank K with the normalized switching frequency to get
different values of Q (the quality factor) and any single value of the static parameter (m).
Figure 3.4 shows that each gain curve has its own value which is used to give definition to the
demarcation between the inductive and capacitive impedances of the resonant tank, hence the
inductive and capacitive region is highlighted in the plot in Figure 3.4. It is important to

define the inductive and capacitive region because our goal is to maintain a smooth operation
18



in the inductive region across the whole input voltage and the various range of current of the
load without falling into the capacitive operation region. This type of requirement necessary
because the Zero Voltage Switching (ZVS) can only be attained in the inductive region, also,
operation in the capacitive region means that the current is leading the voltage, then the
current in the MOSFET/IGBT will flow in the reverse direction before the MOSFET/IGBT turns off.
After the MOSFET/IGBT turns off, the reverse current will flow in the diode of the
MOSFET’s body, this will cause a body diode hard commutation when the other half
MOSFET in the inverter bridge is turned on, and as a result of this will also cause a reverse

recovery losses and noise, and might cause high current spikes and device failure. [29]

3
Light load m=6

K(.2,m ,Fx) |
K(3.m Fx) Capacitive . )
— slregion Inductive region
K(.5,m Fx) Zcs ZVS
K(.7,m Fx)
K(1,m,Fx) . Heavy load
K(5,m,Fx)

oS

0.1 1 0

Fx
Figure 3.4: the gain curves [29]

3.2 Modes of Operation

Since the gain of the LLC network is frequency modulated, there are three modes in which
the converter can be operated which depends on the input voltage and the condition of the

current. The three modes are listed below and shown in Figure 3.5
1) When switching/operating frequency is equal the resonant frequency fs = f..
2) When switching frequency is greater than the resonant frequency fs > f;.

3) When switching frequency is less than the resonant frequency fs < f.
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Figure 3.5: the converter's three modes of operation [29]

The converter has only two practicable operations in the cycle of switching which are
described below. Note that the modes in 1, 2, and 3 mentioned above may be made up of one

or both operations of the switching cycle.

1) The power delivery operation: this happens two times during the switching cycle
when there is a positive voltage excitation in the resonant tank which causes the
resonating current to flow or move in the positive direction in the first half of the
switching cycle. And secondly, in the second half of the switching cycle when there is
a negative voltage excitation in the resonant tank which causes the resonating current
to flow in the negative direction. The equivalent circuit of the positive and negative
voltage excitation are shown in Figure 3.6 and Figure 3.7 respectively. The
magnetizing inductor voltage is the positive or negative reflected output voltage while
the magnetizing current is the charging or discharging during the power delivery
operations, and the difference in the resonant current from the magnetizing current
flows through the transformer and full-bridge or half-bridge rectifier which in turn

delivers power to the load.
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Figure 3.7: second half of switching cycle with negative voltage and direction [29]

2) The freewheeling operation: this happens after the power delivery operation only in
conditions when the resonant current gets to the same level as the transformer
magnetizing current, i.e. when fs<fr which causes the transformer secondary current to
get to zero and in turn disconnect the secondary side rectifier circuit. The consequence
of this occurrence is the free entrance of the magnetizing inductor to resonance with
the resonant inductor and resonant capacitor. The frequency of the second half
resonance is smaller than the initial resonant frequency, mostly at high values of m
where L is far greater than L (Lm>>L,), thus the primary current during the
freewheeling operation will only change slightly and can be approximated to be
unchanged for simplicity. Figure 3.8 and Figure 3.9 shows each half switching cycle

of the freewheeling operation.
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Figure 3.9: second half of freewheeling [29]

3.2.1 Switching/operating frequency is equal the resonant frequency fs = fr
When the resonant half cycle during each switching half cycle is complete in the power

delivery operation describe in 1) above, the resonant inductor current 1., reaches the
magnetizing current ILm, and the current that flows through to the secondary side rectifier
reaches zero. Then the optimized operation and efficiency of the resonant tank is at its best
because it will be at a unity gain; the transformer turns ratio is selected to suite the converter

operation at nominal input and output voltages.

3.2.2 Switching frequency is greater than the resonant frequency fs > f;
When each switching half cycle is complete, it consists of a partial power delivery operation

which is almost identical to the operation of the resonant frequency. But it differs in the sense
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that the resonant half cycle is not completed and it is interrupted as at the time the other half
cycle will be starting, hence the MOSFETSs in the inverter side of the converter will get an
increase in turn off losses and the diodes in the rectifier side will have hard commutation.
This mode is commonly operated in the converter when there is higher input voltage and a

step-down gain, or a buck is needed.

3.2.3 Switching frequency is less than the resonant frequency fs < f;
When each switching half cycle is complete, it consists of a power delivery operation which

was described in 1) abovel) and when the resonant half cycle is also complete, the resonant
inductor current I.-reaches the magnetizing current, and the operation of the freewheeling
which was described in 2) above begins and it keeps on with the operation till the end of the
switching half cycle, hence, due to this circulation of energy, there will be an increase in
conduction losses on the primary side. This mode is commonly operated in the converter

when there is lower input voltage and a step-up gain, or a boost is needed.

3.3 Design Steps

This segment describes the influence of the parameters of design on voltage regulation and
efficiency performance, and it makes the design and selection of such parameters easier to
know and implement. My priority here is to successfully bring about the best performance at
the same time achieving the requirements of the gain for all load and line conditions. And |
must find out the least switching frequency the controller shall limit to be certain the entire

operation will be in the induction region and not the conductive region.

Below are five steps which will explain the decisions to take when making your design
parameters and selection, and Figure 3.10 shows a design flow chart which is summarized for

the design methodology.
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Figure 3.10: design flow chart

3.3.1 STEP 1: Selecting the Qmax Value
From Equation (3.5), we can see the quality factor which is dependent on the current of the

load. When heavy loads are operated, the values of Q are high, while the values of Q are
lower during the operation of lighter loads. It is important to set a maximum value for Q (i.e.

Qmax) to match with the maximum load condition.

To understand the phenomenon Q value has on voltage gain/regulation, a graphical
illustration is shown in Figure 3.11, which plots the voltage gain (k) for different values of Q.
Based on assumption, if the resonant tank gain ranges from 0.8 to 1.2 for example, it can be
seen that the low Q curve (Q=0.3) with legend colour of red can achieve a higher boost gain,
but it is less sensitive to frequency modulation as described in 3.2.2 above ( fs>f, region) ,
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therefore, the switching frequency will have to increase much in order to achieve the
minimum voltage gain (K=0.8), which leads to additional switching losses, while the higher Q
value curve (Q=1) can achieve the minimum gain (K=0.8) with lesser increase in the
switching frequency, but the higher Q value is unable to get to the maximum gain (K=1.2).
Hence, a normal Q value of about 0.5 seems to satisfy the voltage gain requirement in this

situation/problem. [29]

In conclusion, by adjusting the Q value one can achieve the maximum gain but the side effect
Is that frequency modulation range will be increased. Therefore, one cannot depend on
tweaking the value of Qmax When doing the design iteration so that one may reach the
maximum voltage gain desired, but one should depend on tweaking the m value which will be
described in 3.3.2 below.

Even though there is not a straightforward way of selecting the best and appropriate value of
Q, one must choose moderately the value of Qmax Which is mentioned above and based on a

specific design available.

K(.3.m,Fx)
K(.5.m,Fx) =

K(1,m, Fx)

Figure 3.11: the voltage gain plot with different values of Q [29]

3.3.2 STEP 2: Selecting m value
As written above in equation (3.13), m =

Ly+Lm

is a static parameter which we must begin its

design by making the most effective use of its value, hence, it is of great significance to
comprehend the influence of the ratio m on the converter operation. To put on a graphical
display of the influence the value of m has on the converter operation, Figure 3.12 shows the
same resonant tank voltage gain plots as illustrated in page 25 (Figure 3.11) but for individual

values of m such as: m =3, m =6, and m= 12. It is evident that smaller m values can attain
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higher boost gain, in addition to the smaller range of the frequency modulation, meaning
more flexible control and regulation, which is precious in applications which have wide input
voltage range. Despite this, low m values attached to the same quality factor Q and resonant
frequency f; indicates a smaller magnetizing inductance Lm, hence, a greater or elevated
magnetizing peak-peak current ripple, which causes an increase in the circulating energy and

losses during conduction.

You must choose a logical initial m value (maybe from 5 - 10), and then make the best and
most effective use it by working on a few iterations to obtain the maximum value of m that

can still attain the maximum gain desired for different conditions of load.

Table 3.1: the comparison between high and low m value

Low m value High m value
Higher boost gain Higher magnetizing inductance
Narrower frequency range Lower magnetizing circulating current
More flexible regulation Higher efficiency
m=3| m=6 ] m=12

Figure 3.12: the same resonant tank gain plots but different m values [29]

3.3.3 STEP 3: Finding the Least Normalized Switching Frequency
When the value of Qmax has been selected and an initial value form is defined, it is essential to

find the value of the least normalized switching frequency which can guarantee the maximum
load condition (Qmax) in the inductive operation. Not just for Qmax but for all other loads as

well.
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The least normalized switching frequency can be obtained at the peak gain in the Qmax curve.
This can be calculated using equation (3.14) (let’s assume Qmax=0.4 and m=6.3 as an

example)

=0

Qmax=0.4,m=6.3

d
_K(Q' m, Fx_min)

dE, (3.14)

Solve for Fy, 1in

3.3.4 STEP 4: Voltage Gain Verification (K)
To confirm that the maximum gain (Kmax) reached during maximum load by the chosen m

value is enough, we must solve using the equation in (3.15) below.

Kinax = K(Qmax' m, Fx_min) (3.15)

After some iterations are done, one can achieve the design optimization which is shown in the
design flow chart in Figure 3.10 above. If Knaxis not enough, then we must decrease the value
of m and continue from steps 3 and 4 again, to obtain a higher boost gain. Whereas when Kmax
Is greater than what is needed, then the value of m can be increased and then continue the
calculation from steps 3 and 4 to achieve an optimized efficiency.

3.3.5 STEP 5: Calculating Resonant Components Values
When a few iterations of the design flow are done, and getting to the optimum value of m, one

can advance to the calculation of the values of resonant tank components, equation (3.5) and
equation (3.6) can be used to solve for Ly and Cy, and then L, can be calculated using equation
(3.13)

0= e, (3.3)

Rac_min
8 N3 V,?
Rac_min = 2 * N_g * m (34)
-1 (3.9)
fr= 21/ LCr :
m == (3.11)
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Note that the selection of the resonant frequency fr was not acknowledged in the design steps
in 3.3 above, simply because it does not have any effect on the maximum gain and the
operating region of the resonant converter. However, it is selected because the power density

of the converter and the power losses of the converter are being considered.

3.4 Full-Bridge Inverter, Resonant tank and Full-bridge

Rectifier Selection
A very sensitive decision in order to achieve the best converter performance is to rightly and

carefully choose the bridge inverter (half-bridge or full-bridge) and rectifier (half-wave or

full-wave) circuits.

3.4.1 Full-Bridge Inverter
The LLC converters usually are executed with a full-bridge or a half-bridge circuit on the

primary side. The half-bridge inverter usually generates two times the current of what a full-
bridge inverter would produce, with half the amount of switching as compared to a full-
bridge. Even though a half-bridge consists of half of the primary number of turns for the same
voltage gain and magnetic flux swing, and half of the primary winding resistance; the copper
losses and conduction losses in the primary side are still two times that of a full-bridge simply
because the squared rms current of the half-bridge is quadrupled. It is recommended to use a
full-bridge switching circuit in applications that contains high primary currents, where

conduction losses are having power and control over transfer of energy. [29]

So, in this project, | am used a full-bridge inverter in Simulink for my software and for my
hardware, | used the full-bridge inverter embedded in the ‘Drives board’ from University of

Minnesota and controlled by dSPACE control system; this will be discussed further below.
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Figure 3.13: the half bridge and full bridge inverter circuit
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Figure 3.14: my Inverter Circuit with its resonant tank which | designed using MATLAB&SIMULINK

3.4.1.1 Circuit driving and analogue control of switching circuit
During the proper operation of the circuit, the the source voltage of the upper transistor

changes with the output voltage. So, to succeed in driving the switches of these upper
MOSFETS, certain driver chips are introduced in the circuit. A common analogue chip that is
widely used is the IR2110 which has a 10V or 12V voltage between the gate and source.
Therefore, the switches are allowed to operate simultaneously using the feedback signal from
the IR2110’s output. In addition to this, a MC34066 (high performance resonant mode
controller) analogue chip is also included in the switching circuit to regulate the converter’s
output voltage and to modulate the switching frequency through fixed on-time or off-time

control. This particular high-performance controller’s core components include an output
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circuit, a variable frequency oscillator, an error amplifier, a reference voltage, and a soft-start
circuit. [19]

In [22], unlike in [19] described above, the IR2110 chip is used in combination with the
ATMEGAS8 microcontroller which generates pulses and modulate switching frequency for the
MOSFETSs. The AVR was used to programme the ATMEGAS8 microcontroller.

In this project, | used the IR2133 chip in driving my MOSFETSs which is embedded in the
‘Drives board’, a converter board from University of Minnesota; and | controlled the
converter using dSPACE module. The IR2133 is a high voltage, high speed power MOSFET
and IGBT driver with three independent high side and low side referenced output channels for
3-phase applications. I only used a single phase-two leg out of the three phases to make a full-
bridge inverter which was all | needed, and | generated the PWM signals to control the
MOSFETSs from an external source. The switching delays are matched to simplify use in high

frequency applications. The floating channels of the IR2133 can be used to drive N-channel

power MOSFETSs or IGBTS in the high side configuration which operates up to 600 volts or
1200 volts. It has a VCC Fixed supply voltage 10V or 12V, and 20V at maximum. [30]

Figure 3.15: the Drives board from University of Minnesota for the Inverter Circuit (primary side)
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3.4.2 Resonant Tank
MOSFETSs achieves a ZVS condition in their turn-on transition when the operating frequency

is higher than the frequency at the peak voltage gain of the LLC resonant tank with different
load conditions. To make an adequate preparation for ZVS condition, the presence of an
inductive impedance is important because the resonant current needs to lag the supply
voltage. The magnetizing inductor L is expected to be able to provide the essential amount of
inductive energy needed. The Ly value is chosen such that the value of the magnetizing
current is not meant to be 20% higher/larger than that of the resonant current. The value of Ln
Is meant to be high so as to have a decrease in the conduction losses and the same time, the
value of L should be selected as low as possible so as to achieve a successful ZVS. This LLC
resonant tank is composed of series resonant capacitor Cr, series resonant inductor Lr, parallel

resonant inductor Lm and an equivalent load resistor Reqg. [22]

3.4.3 Full-Bridge Rectifier
A Full bridge rectifier is a type of full wave rectifier that makes use of both half cycles of

input alternating current (AC) and converts them to direct current (DC). A bridge rectifier is
convenient and acceptable for applications that involve high voltage because of its high peak
inverse voltage (P1V). At any point when the voltage at the transformer secondary reaches
positive peak value Vmax, diodes D1 and D2 will be forward biased (conducting) and the
diodes D3 and D4 will be reverse biased (non-conducting). And if we take into account ideal
diodes in full-bridge, D1 and D2 which are forward biased will have a resistance of zero.
Which means that the reduction in voltage across the conducting diodes (D1 and D2) will be
zero. This means that all the voltage that is produced in the transformer secondary goes to the

resistance of the load (R.).
Thus, the PIV of a full-bridge rectifier = Vimax (max of secondary voltage) [32]

Connecting a capacitor or an inductor across the load can smooth the output voltage of a full-
Wave rectifier. [18]

The LLC converters can also be put into practice with the addition of a full-bridge or a full-
wave rectifier circuit on the secondary side, as shown in Figure 3.16. During the first half
cycle of the input voltage, the diodes D1 and D2 are forward biased and current flows through
D1 and enters the load resistance R and returns back flowing through D2. During this whole
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process, D3 and D4 are reverse biased and current is not allowed to flow through them. The

flow of current is indicated by solid arrows in the Figure 3.16 below.

During the second half cycle of the input voltage, the diodes D3 and D4 become forward
biased and current flows through D3 and enters the load resistance R and returns back to the
transformer secondary flowing through D4. During this whole process, D1 and D2 are reverse

biased and current is not allowed to flow through them.

Note: the green arrows indicate the beginning of current flow from the transformer secondary
to the load resistance and the red arrows indicate the return path of current from load

resistance to the transformer secondary, thereby making the circuit complete.

Load Load

Figure 3.16: the positive and negative half cycle of a full-bridge rectifier

3.4.3.1 Advantages of a Full-wave rectifier over a half-wave rectifier
« Efficiency is double for a full wave bridge rectifier. The reason is that, a half wave

rectifier makes use of only one half of the input signal. A bridge rectifier makes use of

both halves and hence double efficiency

o The residual ac ripples (before filtering) is very low in the output of a full-bridge
rectifier. The same ripple percentage is very high in half-wave rectifier. A simple filter

is enough to get a constant dc voltage from the full-bridge rectifier.

e The efficiency of full-bridge is double that of the half-wave rectifier which means

higher output voltage and power, Higher transformer utilization factor (TUF). [32]
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Figure 3.17 below shows my constructed full-bridge rectifier which has a capacitor connected

in parallel for filtering to get a smooth output voltage and a linear voltage regulator

(L7812CV) connected in parallel to the capacitor to get a near 12 v DC output.

Figure 3.17: my full-bridge rectifier

3.5 Design Example and Calculation

3.5.1 Application and Specifications
Table 3.2: the target specification for the heavy load and light load

Item For Heavy Load
Input voltage, Vin 400V DC
Output voltage and current Vo, lo 600V DC, 1.7A
Output power, P 1020W
Efficiency, 7 >98%
Resonant frequency, fr 115kHz
Frequency range 56.5kHz - 150kHz

3.5.2 Design Steps

3.5.2.1 Software

For Small Application
12V DC
11.1V DC, 1.5A
16.7W
>98%
50kHz

24.5kHz - 74kHz

| started by calculating the transformer turn ratio n. And then calculate minimum and

maximum voltage gains of the resonant tank in the case where you have varying input

voltage. But in my application, | only have one input voltage; so, my nominal voltage gain

will be the same as my minimum or maximum voltage gain.
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Mnom=1 (simply because the switching bridge gain for a full-bridge is 1 and that of
half-bridge is 0.5)

N Vi

P _ “Mnom —
2 — mom ppo = 0.667
Ng Vout

— Vin_nom _
Mmax = V_—-Mnom =1
in_max

Following the steps in section 3.3 above:
Step 1: Let us choose the value of Qmax to be 0.4
Step 2: Let us choose the value of m to be 6.3

Step 3: you can calculate the minimum normalised switching frequency by solving the gain

equation in Eq (3.3) above, simply by differentiating the values K(Qmax, m, Fx_min) from Fy i.e.

dK(Qmax,m,Fx_min)
dFx

plot shown in Figure 3.18. Therefore,

, and it can also be found at the peak of the Qmax curve as given in the gain

Fxmin = 0.489
fs_min = Fymin * fr = 56.24kHz
Step 4: this step is used to verify the voltage gain.

Vin_min _
Qmax@Vmin - Qmax ——= =0.4.

Vin_max

But in the case of other applications where the power rating varies due to varying input
voltage range, the value of Qmax Will change with respect to the minimum and maximum

voltage.

Therefore, we can calculate the maximum gain at the minimum switching frequency using

equation (3.3) or we can find the equivalent value from the gain plot shown in Figure 3.18.

Kmax = K(Qmax@Vmin; m, FXmin) = 1.352
Kpax = 1352 > M0 = 1
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So, there is no need to tune the value of m.

K(.2,m,Fx)2

K(.3,m,Fx) )
— Poscscssssssssssssee

K(.4,m, Fx)

Qmax=0.4

0.1 0.489 1 10

Figure 3.18: the gain plot [29]

Step 5: Now we calculate the values of the resonant components (L, Cr, and Lp).

At full load condition, the load resistance can be calculated as:

2 2
Rac_min =2 * (&) * Lout” _ 128.4 Q)

2
T Ng Pomax

_ _ VLr/Cr
Qmax = 0.4 = 128.4 Q
1
fr = 115kHZ—2nm
Ly+Lm
m=6.3= P

Therefore, after doing some basic mathematical calculations and substitution method. C, =
0.027uF, L, = 71.2uH,and L,,, = 377.2uH
3.5.2.2 Hardware (for small application)

Here, | will skip some design steps as most of the information can be found in section 3.5.2.1

above and the parameters for this section can be found in Table 3.2.
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Calculating the transformer turn ratio, % = Vilfﬂ.Mnom = 1.08
s out

Steps 1, 2, and 4 remains the same as done in section 3.5.2.1 above
Step 3: fs min = 24.45kHz

Step 5: Rye min = 6.975 12

Qmax = 04 = Lr/Cr

T 69750

1

fr =50 kHz =

Therefore, after doing some basic mathematical calculations and substitution method. C, =
1.14 yF,L, = 8.88 uH,and L,, = 47.05 uH

3.6 Laboratory Setup Description
The drives board in Figure 3.15 which I used for my laboratory setup is designed to be able to

perform a variety of experiments on AC/DC machines. The main features include: two
completely independent 3-phase PWM inverters for complete simultaneous control of two
machines, 42 V dc-bus voltage to reduce electrical hazards, digital PWM input channels for

real-time digital control, and complete digital/analogue interface with dSPACE board.

I supplied a 15 v DC obtained from a DC power source to the drives board, to power the
inverter driver circuit (IR2133) and also supplied a 42 v DC to power the whole board itself.

My BNC cable connections are as follows:

1. I connected the DSI: 37-pin dSub from the drives board to the Slave I/0 PWM on
dSPACE for control signals.

2. | connected the pin named CURR. Al on the drives board to ADCH5 on dSPACE
control system for phase A current.

3. I connected the pin named CURR. B1 on the drives board to ADCH6 on dSPACE
control system for phase B current.

4. | connected the pin VOLT DC from the drives board to ADCH1 on dSPACE control
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system for DC-link.
I connected the output Al for one leg of the inverter from drives board to the capacitor and
from the capacitor to one leg of the transmitting inductive coil, and | connected the other

output B1 from the second leg of the inverter to the second leg of the transmitting coil.

The receiving coil is then connected in parallel to my full-bridge rectifier which is connected
to a linear voltage regulator (L7812CV) in parallel to supply a near 12 v DC output and
finally to a resistor (load). An image of the whole laboratory setup is shown in Figure 3.19

below.

12 v DC Power Supply

Transmitting (Tx) and
Receiving (Rx) Coils

Figure 3.19: the whole laboratory setup
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4 Coil Design

The system utilizes a high frequency power source to energize the transmitting coil which is
fine tuned by an external capacitor to attain the required resonant frequency. A receiving
resonant coil which is physically separated from the transmitting resonant coil thus captures the
generated magnetic field through induction. A rectifier circuit then smoothens the received AC
power before supplying it to the load.

The wireless power transfer (WPT) operates on the principle of magnetic resonant inductive
coupling. The wide physical distance separation of the charging coils enables the strong
coupling of the magnetic near fields of these coils when finely tuned. This implies that, the
efficient transfer of energy from the transmitter to the receiver coils is achieved at resonance

by magnetic coupling.

4.1 Theoretical Analysis
The efficiency of the transferred power is dependent on the absorbed power by the transmitter

coils (P1), the received power by the receiver coil (P2) and the delivered power by the receiver
coil to the electric load resistance (PL). The efficiency of the WPT system can therefore be
expressed as the ratio of the output power (delivered power by the receiver coil to the load
resistor) to the source power of the system (the total delivered power from the source to the
system). This can be expressed mathematically as shown in equation (4.1), as retrieved from
[23]:

Py

Nz = P+ P, +P, 4.1)

The efficiency of the transferred power also depends on other physical factors such as the
frequency, number of turns of the coil structure, the coil radius, distance between the coils,
and the material property of the coils. The efficiency of the transferred power reduces if the
system operates at frequencies other than the required resonance frequency due to a reduction
in the mutual inductance as a result of increasing vertical coil separation. Each vertical gap
between the coils contains one resonant frequency. Due to the strong magnetic field coupling,
two resonance points can be observed for smaller distances. It is therefore important to
understand that, the strong coupling points where maximum efficiency can be achieved varies
from one system to another. It is therefore required to determine an optimal coil gap
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considering the operating frequency in order to design and build an efficient power transfer

system for wireless electric vessels. [23]

4.2 LITZ wire

Litz wires are made up of several rope-like single insulated wires bunched together and are

utilized in electrical systems that require good flexibility and high frequencies.

High frequency litz wires are made by using several single strands of wires that do not make
electrical contact with each other and are usually utilized in applications with operation
frequencies between 10kHz and 5MHz. Increasing frequencies cause current to flow over the
surface area of the conductor, this phenomenon is known as “skin effect”. Similarly, reducing
the cross-sectional area of the conductor also results in a decrease in the current flow across
the cross-section of the conductor even at high frequencies. These losses at high frequencies
are due to “proximity effect”, where there is a negative effect of the neighbouring electrical
fields on the electromagnetic distribution. The twisted construction of litz wires consisting of

multiple insulated conductor aids in the effective minimization of these high frequency losses.

The insulated single wires are the basic components of a litz wire. To achieve optimal results,
a conductor material and an enamel coating can be combined to satisfy the requirements of

specific applications. Figure 4.1 shows the diameter of a standard litz wire.

0 - Conductor (Bare Wire)

Outer diameter
Nominal diameter

Figure 4.1: the diameter of a standard Litz wire [25]

In this project, | used an unserved basic high frequency Litz Wire because of its preferred
properties such as the cost-effective design, resistance or frequency-related construction,
increased tensile strength, high conductivity, and high bending cycle behaviour. This wire has
an insulating coating which prevents from short-circuit when winding the wires around one
another [25]. It can be used in several applications such as inverters, RF transformers, medical
application, RF chokes, inductive charging and the likes to decrease the power losses that
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transpires as a result of eddy current and also to decrease the skin effect. The operating
frequency of each application determines the parameters of the litz wire, and it also

determines the diameter of a single wire that should be used. The higher the operating

frequency of the inductive components, the smaller the diameter of a single wire selected.
[26]

Figure 4.2: a typical unserved basic Litz Wire [25]

4.2.1 Choosing number and diameter of strands
A four-step approach was used in choosing the number of strands and diameter of the litz wire

and this approach can be summarized as shown in Figure 4.3.

Find skin depth

v

Find breadth & and number of turns per section NV,

v

Find recommended number of strands for each strand diameter of interest from
7 using f from table 5.1

v

Choose one of the designs that fits in the space available and provides acceptable
resistance, based on the ac resistance factor (Fr) from table 3.1

Figure 4.3: the flowchart of the Litz Wire design steps

1. Find skin depth: The skin depth can be expressed as

p
TTf Lo

4.2)
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Where:
p = the resistivity of the conductor (1.72 x 10%Q.m for copper at room

temperature, or 2x108().m at 60°C)
f=The sinusoidal frequency current, and
po = permeability of free space (4 x 1077t H/m).
Applying MKS system of units to the variables in the equation leads to a calculated skin

depth in meters.

2. Winding parameters:

The winding parameters that needs to be calculated are b and N, as illustrated in Figure
4.4 for some common winding geometries. b denotes the breath of the winding along the
surface where the windings faces each other, and N;s represents the number of turns of the
windings. In basic windings where there is no interleaving, Nsis the number of turns of
the designed winding (Ns = N). Where interleaving is involved, it is the number of turns
starting from a zero-field surface to the face underlining the primary and secondary. The
zero-field surface lies either against a high-permeability core, or when the design in

symmetrically interleaved, the zero-field surface will be located at the centre of the

windings.

Figure 4.4: Examples of how the winding breadth b and the number of turns per section are defined for some
common winding geometries. [19, 27]
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3. Recommended number of strands:
The recommended number of strands required to attain the optimal coil design in order to
reduce losses at high frequencies can be calculate from Eq (4.3) taking into account the strand
diameter.
62

ne = kﬁs (4.3)
Where Kk is a constant for the diameter of each strand of conductor which has been pre-
calculated and can be obtained from Table 4.1 for each wire size and diameter. From the
values of k in the table, k is measured in mm-=. It is therefore required for b and ¢ to also be in
mm so that the value of ne will have no unit. The calculated value of ne from Eq (4.3) is
considered as a general indication and not a precise indication of the number of strands.
Values of n within a tolerance range of +25% is still acceptable and can be considered as a

good choice.

Table 4.1: the parameters for economical Litz-wire designs [27]

Strand AWG size 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48
Strand diameter (mm) | 0.202 0.180 0.160 0.143 0.127 0.113 0.101 0.090 0.080 0.071 0.063 0056 0050 0.045 0.040 0.035 0.032
Economical F'p 106 107 109 111 L13 115 118 122 125 130 135 141 147 154 160 164 168
k (mm—3) 130 203 318 496 771 12k 1.8k 28k 44k 67k 10k 16k 24k 36k 54k 79k 115k

4. Selection of final strand diameter and number:

In step 3, an array of similarly good design options considering different strand diameters
is given. In order to select the best wire size, it is important to make sure that the design
given by Eq. (4.3) fits the available window space. An approximation for this calculation
can be made by assuming that total area of the actual copper can be achieved by the
expression NnAs, where the number of turns (N), the number of strands (n) and the cross
sectional area of a single strand (As) are 25% - 30% less than the window area available
for the winding. The largest number that fits the window can be considered if the
recommended number of strands does not fit in the window. But if this requires more than
25% reduction in the recommended number of strands, one of the designs that fits could

be used to achieve a similarly good performance at a much lower cost.

When the calculated ne is chosen as the number of strands, there is corresponding AC

resistance factor as shown in Table 4.1.
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This information and a calculation of DC resistance makes it easy to put together a table
of the AC resistance for the economical and effective design of each strand diameter
thereby providing the possibility for trade-offs between cost and the losses. Given an AC
resistance specification, it becomes possible to choose the lowest cost design that meets
the required specification illustrated in the table [19,27,28]. Generally, higher operating

frequencies requires a smaller nominal single wire diameter for optimum results [25].

4.2.2 Choosing construction
Simply twisting a large number of strands together instead of a constructed multiple level

twisting (true Litz construction) could lead to a bundle level skin-effect problem where the
high frequencies will discriminately flow on the surface strands leaving the inner strands less
utilized. To avoid this problem, the maximum number of single strands that can be twisted

together can be calculated from Eq. (4.4)

ng = 4? (4.4)
S

Where § is the skin depth for a solid conductor given Eq (4.1) and d is the diameter of an

individual strand.

If the total number of strands, n is less than n, ,,,,,, then all the strands can be twisted
together in one operation without encountering problems of bundle-level skin effect. If

n > Ny may, then it is recommended to utilize multiple twisting operations in order to improve
performance. The first twisting step should combine ny ,,,4, Or fewer strands. Further

operations should only combine 3, 4, or 5 bundles from previous operations. [27][19][28]

4.3 Technical Basics and Calculation

4.3.1 Right-hand-rule

As current (1) flows through a conductor, a magnetic field (B) is created whose field lines are
positioned concentrically around the conductor. Gripping a straight conductor in the right
hand with the thumb running along the length of the conductor indicating the direction of
flow of the current (1), then the fingers running along the circumference of the conductor
indicates the direction of circulation of the magnetic field (B).
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B also denotes the magnetic flux density which is proportional to the magnetic field intensity

(H) and the magnetic permeability () which is dependent on the type of material.
This relation can be mathematically represented as:

B = o *ur xH
(4.5)
= U * H
Where:
Ko = the magnetic constant, permeability of free space (4w x 10~7 N/A? )

U, = the relative permeability.

4.3.2 How to calculate the number of turns in the primary coil
It depends on the magnetic induction you want your coil to work on. The equation below

gives how to get the number of turns for the primary coil or transfer coil:

Where N is the number of turns, B is the magnetic induction, A is the area of the core, and f is

the frequency.

4.3.3 Skin-effect and skin depth
Current flowing through the conductor causes both internal and external concentric magnetic

fields. This is illustrated by the magnetic field strength (H) as depicted in Figure 4.5. the
magnetic field within the conductor itself creates a concentric and interfering eddy currents
which impacts the current flow towards the outer layer with rising frequency (f). this effect

causes the skin depth 6 of the current to decrease. 6 is the distance from the conductors

surface, where the current density has dropped to 1/e (¢ = Euler’s constant) of the amplitude
value. This implies that, the measured ohmic resistance thus becomes frequency dependent
and as such, its value rises as the frequency increases. Subsequently, conductor heating and
other electrical losses arise due to increase in frequency. Moreover, HF-losses also takes place

due to internal and external proximity effect.
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Figure 4.5: the magnetic field (H) and current flow in the inductor, and skin depth
1

The equation of skin depth is given in Eq (4.1) and it can also be re-written as § = Nz

Where:

Uo = the magnetic field constant (permeability of free space),

o = conductivity of conductor material, and

f = frequency.

Table 4.2 provides information about some frequencies and their corresponding copper skin

depth
Table 4.2: parameters for skin depth of copper Litz wire with frequency [25]
Frequency &(Copper)
10 kHz 0.66 mm
50 kHz 0.30 mm
100 kHz 0.21 mm
500 kHz 0.094 mm/94 um
1 MHz 0.066 mm
10 MHz 0.021 mm
100 MHz 0.0066 mm
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4.3.4 Relationship of single wire diameter to range of frequency
In designing and constructing a high frequency litz wire and its resulting electrical

performance, so many factors are put into consideration which are also its dependents. For
every specific application, choosing the right single wire diameter is very paramount and
some amount of experience is needed in choosing the optimum litz construction that can be
economically and invariably manufactured because there are different design approaches that

can give indistinguishable values of performance.

Table 4.3: the relationship between recommended single wire diameter and frequency range [25]

Range of frequency [kHz] Nominal Diameter of single wire [mm]
from to from to
0.06 1 0.400 0.254

1 10 0.254 0.200

10 20 0.200 0.127

20 50 0.127 0.102

50 100 0.102 0.079

100 200 0.079 0.063

200 300 0.063 0.050
300 850 0.050 0.040
850 1400 0.040 0.030
1400 3000 0.030 0.020
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Table 4.4: System specifications

Symbol Meaning Value
Pout Rated Output Power 16.7 W
Vout Output Voltage 11.1Vdc

f Operating Frequency 50 kHz

Table 4.5: design parameters for the transmitting and receiving coils | designed

Parameters Value
Nominal diameter of single wire @ep (mm) 0.102

Total number of windings 30

Number of windings per layer 10

Number of winding layers 3

Ferrite sheets L*W*H (mm) 120x120x0.1
Dimension of ferrite core (mm) 36x22

Gap between the coils (mm) Approx..11

I used ferrite cores and ferrite sheets for coupling enhancement, magnetic shielding, and EMI
suppression. Apparently what | ordered online was not what | was expecting, my core
dimensions should have been in centimetres but | could only see the materials in millimetres,
so | had to improvise; instead of winding the litz-wire inside the ferrite core, | had to wind the
wire around the core and it worked. The ferrite sheets are flexible and have a self-adhesive
mounting tape which aided in winding the coils. | also used some double-sided adhesive tapes
to hold down the wire for each layer. A figure of the transmitter and receiver coils |

constructed is shown in Figure 4.6 below.

The voltage that is applied to the primary resonator which is produced by the full-bridge
inverter, is in most cases a square wave. This square wave consists of high-order harmonics
which is basically analysed in [24] with an example to it. The mathematical expression can be
found in Eq (4.7) below.
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Where Vpx is the peak voltage of the kth harmonic of the square wave; Vqc is the DC input
voltage of the inverter; D is the duty ratio of the inverter which can be regulated by using
phase-shift control. By regulating the duty cycle ratio of the full-bridge inverter, the high-
order harmonics in the square wave can be varied. In my project, a duty cycle of 0.75 is used
for the first leg of the inverter and 0.25 for the second leg in the dSPACE control system.

Note that in simulations, core losses are neglected. And also, when you further reduce the gap
between the coils, that does not mean the efficiency of the system will increase; simply
because of the rising proximity effect [24].

'Io il J’Ti

T 7/
0‘ i

uul'

Figure 4.6: the transmitter (Tx) and receiver (Rx) Litz-wire coil | constructed
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5 CHALLENGES

Initially in my simulation, I was using a PWM before | finally switched to a pulse generator
to drive my inverter and resonant circuit. At that stage there was a short circuit in the circuit
because the bipolar switches in the inverter were switching ON at the same time. That is
common in IGBT’s because their switches close faster than they open. This switching
problem was solved using a dead-time on-delay in the pulse-width modulator which gives an
instruction to the set on switch to delay before it comes ON or OFF. There was also a voltage
source ripple when | started my modelling because my plan was to supply the system with an
AC voltage and then rectify to DC for the inverter, but this problem was solved by replacing
the AC voltage source and rectifier with a 400V DC source, and that even made the whole

circuit simpler and easy to implement.

Furthermore, due to the high resonating frequency and higher switching frequency, the
switching pulses and the input/output waveforms from the transformer and to the load was too
fast and close to each other that | had to zoom almost 400% to have a clear view of the
waveforms. So, | reduced my step time to 0.0001 to capture a better sinusoidal waveform and

back to 0.04 to get an overview of the entire waveform.

During my laboratory testing, there was no current flow at high frequency (2kHz and above)
because a large capacitor (8uF) was used. This problem was solved by calculating and

selecting the appropriate resonant capacitor for the system.

Finally, there is a lot of current spikes in the inverter during the laboratory tests. This could be
due to EMI from other equipment in the laboratory and due to time constraints, | could not

troubleshoot the cause of these current spikes.
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6 RESULTS AND ANALYSIS

The wireless charger for small electric vessels is composed of the DC power source, full-
bridge inverter and its driver, the LLC resonant tank, inductive coils, full-bridge rectifier and
the DC load. The LLC resonant tank excited with an AC source from the full-bridge inverter
is basically a collection of the series resonant capacitor Cy, series resonant inductor L, parallel
magnetizing inductor L and an equivalent load resistor Req. In my simulation, 1 used
MATLAB/SIMULINK software and for experimental verification, the Drives Board from
University of Minnesota was used in designing the hardware which was controlled using
dSPACE control system. The simulation circuit and hardware design are shown in Figure 6.1
and Figure 6.2 respectively. The simulation circuit in Figure 6.1 is also used to run tests for

small application as described in the hardware.
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Figure 6.1: the simulation circuit for the wireless charger
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Figure 6.2: the hardware laboratory setup corresponding to the circuit above

The design is based on the application circuit in Figure 6.1 above, where individual resonant

components are implemented. The target specifications are summarized in Table 6.1.

Table 6.1: the target specification for the resonant converter

Item For Heavy Load For Small Application
Input voltage, Vin 400V DC 12v DC
Output voltage and current Vo, lo 600V DC, 1.7A 11.1V DC, 1.5A
Output power, P 1020W 16.7W
Efficiency, 7 >98% >98%
Resonant frequency, fr 115kHz 50kHz
Frequency range 56.5kHz - 150kHz 24.5kHz - 74kHz
Resonant Inductor L, 71.2uH 8.88uH
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Resonant Capacitor Cr 0.027uF 1.14uF
Magnetizing inductance L 377.18uH 47.05uH

Resistor (Load) 128.423 6,975

Table 6.2: simulation and hardware results

No Load Full-Load | No Load Full-Load | No Load Full-Loa

627 322 10.1 7.26 11.89 7.56

0 2.5 0 1.04 0 1.26

The simulated output voltage and current waveforms of the 400 v DC, and 12 v DC
(hardware/small application) are shown in Figure 6.3 through Figure 6.9. While Figure 6.10

and Figure 6.11 are the laboratory measured results.
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Figure 6.3: the 400vDC_Inverter Voltage and Current waveform at full load at 50% Duty Cycle

This is the expected waveform, as the converter is | steady state, the current and voltage
repeats itself in an identical pattern.
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Figure 6.4: Output voltage of the 400 v DC source at no load is (627 V)
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Figure 6.5: the waveform at full-load voltage (322 v DC) and current (2.5 A)
The target specification as shown in Table 6.1, | should have a 600 v DC output at no load but
for some reason the systems keeps charging above 600 volts. So that is a good thing, the

control should be put into consideration for future work.

The LLC tank circuit acts like a selective tuned circuit, i.e. it generates approximately a sine
wave inverter output current and voltage waveform of switching frequency fs. The converter
in closed-loop and open loop are simulated by MATLAB/SIMULINK software. When the
operating frequency is higher than the frequency at the peak voltage gain of the LLC resonant
tank with different loading conditions, a ZVS condition is attained by the MOSFET when
they are in their turn-on transition. To produce a ZVS condition, there should be an inductive

impedance; so that the resonant current will lag supply voltage. The magnetizing inductor Lm
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should have the ability to supply the needed quantity of inductive energy. The Ln value is
carefully chosen in such a way that the magnetizing current would not be more than 20% of
the resonant current. And at the same time, in order to reduce the losses gotten from
conduction, the magnetizing inductor Ly value is meant to be high, but this same Ly value

needs to be as small as possible to achieve a successful ZVS. [22]
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Figure 6.6: the 12v DC Inverter Voltage and Current waveform at full load (closed circuit) at 50% Duty Cycle
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Figure 6.7: 12vDC_Transformer input and Output V&I waveform at full load (closed circuit) at 75% duty cycle
My converter’s operation is in steady-state because my current and voltage repeats itself in an
identical pattern. From the figures above, the inductor voltage does begin and end at the exact
same value of each period, and it continues to do so because the input voltage and duty cycle

are kept constant.
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Figure 6.8: 12v DC Output Voltage at no load (open circuit) (10.1 V)
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Figure 6.9: output waveform for 12 v DC at full-load (6.975 ohms), (7.26V), (1.04 A)

6.1 Hardware (Small Application)

0.035

0.04

0.045

0.05

I noticed that while testing, at low frequencies, there is a high pitching noise (i.e. the lower

the frequency, the higher the pitching noise).

In order to reduce the rate of misalignment, the primary and secondary coils were placed right

on each other and due to time constraint | was not able to carry out more tests like the farthest

distance to which energy can be transferred from the primary coil to the secondary and at

what efficiency. But | successfully transferred energy from the transmitter to the receiver at a

measured distance of 1.6cm.

Figure 6.10 below shows the measured output voltage of the wireless charger using a

multimeter and Figure 6.11 shows the measured output waveforms of the inverter when the

55



duty ratio is 1, compared with simulation results in Figure 6.6. The measurements agree well

with the simulation results.

Figure 6.10: the output voltage of the laboratory setup

D50- 20028, MY51453367: Mon Jun 1017:26:47 2019

1100y 2 ! 5.000%/ 1

Figure 6.11: the waveforms of the output voltage and current of the inverter

56



7/ CONCLUSION

A novel wireless charging system for Small Electric Vessel (GMV Zero) is proposed and
successfully modelled, simulated, designed and constructed. All the project’s objectives are

met.

Both theoretical simulation and experimental investigations are executed to cross check the
effectiveness of the design parameters for wireless charging system for small electric vessels
in this research work. It is noticed that the MATLAB/SIMULINK simulation results agree
well with the laboratory experimental results. The results are verified with a compact and
efficient low cost 12/24 V prototype design. The efficiency of the power transfer is influenced
by its operating frequency, coil arrangement and design, and physical air-gap between the
primary and the secondary coils. The efficiency of the power transfer gets to its peak value
only at the operating resonant frequency and it diminishes with the increase in spacing
between the transmitting and receiving coils. The analysis of this project provides an
authentic guideline to designing an efficient and cost-effective wireless charging system for
small Electric Vessels.

7.1 Future works
1 The implementation of multiple coils to reduce misalignment as described in [15, 17].

2  The use of robot arm to automatically align the transmitting coil to the receiver to reduce
the rate of misalignment as described in [24].
3 Introduction of a control algorithm to maintain the voltage when the load is getting near

to being fully charged of when fully charged.
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