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Abstract

One way to reduce the amount of emissions from vehicles is to replace the com-
bustion cars with electrical vehicles. To encourage people to do this the electrical
vehicles needs to be improved but also the way of charging them. It is necessary
that the way of charging an electrical vehicle is both more efficient and convenient
than filling the gas tank of a combustion car. This is one argument to convince
people that electrical vehicles are an adequate alternative instead of the combustion
cars. Inductive charging will make the charging procedure easier due to that the
driver only needs to park over the charging plate and then leave the car. This is an
easier way of charging an electrical vehicle due to that the driver does not have to
do anything except park the car compared to conductive charging where the driver
needs to plug in the cable every time the vehicle needs to be charged. In this thesis,
a new concept of charging will be brought up where the driver can choose between
charging wirelessly or through a cable with the same system. This is done by design-
ing and simulating one inductive and three conductive systems separately. These
systems will then be combined into one system which can handle both inductive
and conductive charging. The systems are designed for 3.3 kW and the simulations
shows an efficiency between 85.98 — 92.53% for the inductive system and an effi-
ciency between 92.84 — 98.42% for the conductive systems. The inductive system
will have a high leakage inductance, therefore capacitor banks are placed in series
with the coils for the inductive system to increase the amount of transferred power
between the coils. The inductive system is calculated to cost 4695 SEK and the
conductive systems is calculated to cost between 3485 — 3820 SEK. By combining
these two system it is predicted that the combined system is going to be able to
handle both inductive and conductive charging to the cost of approximate 73 % of
two separate systems without affecting the performance.

Keywords: Inductive power transfer, Inductive charging, conductive charging, elec-
tric vehicle charger.
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Introduction

This chapter will introduce the reader to the background of the project.

1.1 Background

The number of registered passenger cars has increased almost every year during the
last 70 years in Sweden [1]. Since 2006 the number of registered passenger cars has
been higher than the number of deregistered passenger cars, except during 2013,
which intends that the number of registered cars will keep increasing in the up-
coming years [2]. Due to that most of the newly registered vehicles are driven by
fossil fuels the amount of emissions and greenhouse gases from the vehicles will con-
tinue to pollute the environment. One way of reducing the amount of emissions and
greenhouse gases is to replace the combustion car with a plug-in hybrid, PH, or an
electrical vehicle, EV. These types of vehicles have been on the market for several
years now and to be able to make these vehicles even more desirable, not only the
performance needs to be improved but also the way of charging the vehicle needs to
be improved.

The most common way of charging a PH, or an EV is by connecting a cable from
the power outlet to the vehicle. This might be an obstacle for the customer due
to several conditions, for example: greasy and/or dirty cable, stiff or clumsy cable,
laziness or occupied hands by the user. These problems could be solved by using
wireless charging instead which means that the only thing that the driver needs to
do is to park the vehicle over a charging plate. It also provides with a safer system
due to that the user does not need to touch the system. This means that the risk
of getting an electrical chock from the cable is reduced. Wireless charging may be
more convenient to use than standardised cable charging but it also brings some
problems like leakage fields and high costs. The problem with leakage fields is that
it may damage the nerve system if the human body is exposed to high magnetic
fields. The Swedish Radiation Safety Authority has provided so called reference
values for different places and devices which are recommendations. These are set to
a fiftieth of the value where negative health effects can be observed. The reference
value differs for different frequencies, this is due to that currents are more likely to
be induced inside the human body for different frequencies. For example, for 50 Hz
the reference value is 100 7" [3]. A need of accurate positioning of the vehicle so mis-
alignment does not appear is also important. The distance between the transmitter
and receiver might be a problem if it becomes too far. The coils will be mainly
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surrounded by air which will make the magnetic field weak which will decrease the
transferred power compared to a cable setup. The efficiency for wireless charging is
for some cases almost as high as for cable charging.

The setup that is used for wireless and cable charging can be seen in Figure 1.1
and 1.2, respectively. As can be seen both system contains the same components.
This does not mean that, for example, the rectifier or the frequency converter looks
exactly the same but they both appear in the setup for wireless and conductive
charging. However, one thing that separates these two setups is that wireless charg-
ing uses an air core and cable charging uses an iron core in the transformer. The
setups will be more deeply discussed in theory chapters about conductive charging
and inductive charging.

AC/DC DC/AC Transformer (air) AC/DC Battery

Figure 1.1: Setup for wireless charging.

AC/DC DC/AC Transformer (iron) AC/DC Battery

RiEERE

Figure 1.2: Setup for cable charging.

Both systems have their own advantages and disadvantages and due to that the
two systems have four out of five equal components a combination of these two
systems provide with an interesting new way of charging an electrical vehicle. The
two systems can be used in either a series or a parallel setup. If it is connected
in parallel all components from the two systems will be used. If it is connected in
series it may be possible to reduce the number of components due to that the two
systems will use the same components. Therefore, this report will focus mostly on
the topology in series. The setup for these two systems combined can be seen in
Figure 1.3. With this system, it is possible for the driver to choose between charging
the EV wirelessly or with a cable. This solution also means that two types of vehicles
can use the system, both vehicles that usually is charged by a cable and vehicles
which will be charged wirelessly in the future. This means that for example, if a
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driver is looking for a parking spot with a wireless charging system and the only free
spot has a cable system, the driver cannot charge the vehicle, or vice versa. This
kind of problem needs to be solved to encourage more people to buy and drive an
electrical vehicle instead of a regular vehicle with a combustion engine.

Transformer (air)

AC/DC DC/AC /| é é AC/DC Battery

Transformer (iron)

Figure 1.3: Setup for wireless and cable charging combined.

1.2 Aim

The aim of this project is to design and analyse a system, in a software, that combines
the possibilities of charging a car battery wirelessly and through a cable.

1.3 Task

The aim can be divided into several tasks. First, these two charging systems are
analysed separately and second these two system should be combined in the way
as was showed in Figure 1.3 and be simulated. After that, the simulations will be
analysed. The third task consist of a cost analysis for the new system and it will
be investigated if this combined system is cheaper than a wireless system plus a
cable system. If so, it may have the possibility and capability to someday hit the
market. The forth task will consist of taking measurements, for the wireless case,
on a similar system with already prebuilt components. The measurements will be
compared with the simulated values.
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1.3.1 Sustainable Development and Ethical Aspects

The problem with EVs today is that the performance compared to a combustion
vehicle is not high enough. Usually it is the mileage that is too low for the EV
and therefore a combustion vehicle is usually chosen instead of an EV. However,
what will happen when the mileage of the EV is increased? Will the convenience
of driving an EV increase and maybe even pass the convenience of driving a com-
bustion car? The amount of EVs will probably increase but what will happen with
the combustion cars? Will they be replaced or will only the amount of EVs increase
and keep the amount of combustion cars unchanged? What will then happen with
the greenhouse gases? Will it decrease if the combustion cars are replaced by EVs
where the electricity is produced with coal and 0il? These questions, together with
questions that concern economical as well as a social aspects, will be discussed and
answered. The natural question that will be related to the sustainable development
is, "How is development of EEV chargers actually making the world more sustainable?'

When it comes to the ethical aspects of doing a project like this it is important too
make sure that both the positive and the negative sides of the results are presented
to give the reader as accurate information as possible. This report is supposed to
open up new doors and promote new and exciting ways of charging an EV. Therefore
the first statement concerning ethics will be defined as "Show correct results from
the simulations and the conclusions that are made should be backed up with correct
data'. The second ethical aspect follows up naturally as "Make a fair comparison
between the conductive, inductive and the combined system". Also it is important
that assumptions are based on facts and are not just random numbers. For the
third and final aspect of the ethical discussion it is important to be aware of that
humans and animals can get hurt if exposed to the magnetic field. Therefore the
last question is defined as "How can damages from the magnetic field be avoided?".

1.4 Scope

The power level for the charging systems will be designed for 3.3 kW but the charging
systems will be analysed from 1 — 7 kW. The systems will be designed for one
phase and the switching frequency that will be used is 85 kHz. The resistance
and inductance in the system will be either calculated or estimated, with respect
to the properties of the materials for each component. During the measurements,
only the prebuilt components will be available and no new components will be
built. Misalignment and distance changes for the inductive charging system will be
represented by increasing and decreasing the coupling factor of the transformer.

1.5 Structure

This first chapter is supposed to introduce the reader to why this project was made.
The two following chapters will present some standards and information about con-
ductive and inductive charging, respectively, and introduce how EVs are charged
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today. In the following chapter the reader will be provided with theory about how
the different components for the different systems are designed. After that, the mea-
surement and the simulation results will be presented and discussed. The project
itself will then be discussed in the following chapter and in the final chapter the
conclusions from this project will be stated.
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Conductive charging of a EV

To be able to charge an EV a connection between the grid and the battery is re-
quired. This connection is referred to as a charger. In this chapter the reader will be
provided with the necessary information that is needed to understand the concept
of conductive charging.

Conductive charging can be done with several methods and with different power
levels. The battery must be charged with DC but the charging station, which is
connected to the grid, can supply either AC or DC. In the DC case, the current
is rectified inside the charging station and in the AC case the current is rectified
inside the EV | so called on board charger, OBC. When charging an EV it is possible
to use either one phase or three phases. The number of phases depends on the
desired power level which in turn will affect the charging time. High power means
lower charging time and vice versa, but when using high power it is important to
make sure that the equipment, such as cables and contacts, can withstand the high
power. It is also important to make sure that the equipment can withstand different
environments such as high and low temperatures, high and low humidity etc. This
is due to that an EV should be able to be driven in any country in the world.

2.1 Topologies/Components

A charger consists of two parts, a rectifier with power factor correction, PFC, and a
DC/DC converter. The rectifier is usually designed with a boost converter topology.
The boost converter is equipped with a controller that consists of an output voltage
controller with an inner current controller. It is added to make sure that the correct
output voltage is achieved and it also controls that the power factor is as close to
1 as possible by controlling the input current. Note that the controller will not be
designed in this project. The circuit of the rectifier with the boost topology can be
seen in Figure 2.1.
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Vin — [ Vout

Current controller Voltage controller V
[ W ref

Figure 2.1: Rectifier with PFC and boost topology.

The goal of boost converter is to boost the output voltage, which means that the
output voltage will be higher than the input voltage. This is done by charging the
inductor while the switch is on and when the switch is turned off the power in the
inductor is transferred to the load. A boost converter can be used in three different
states, continuous conduction mode(CCM), discontinuous conduction mode (DCM)
and boundary conduction mode(BCM). CCM means that the current through the
inductor is always bigger than zero while during DCM the current through the in-
ductor is zero during a short time during each switching period. BCM is achieved
in the boundary between CCM and DCM.

By adding another boost converter in parallel, an interleaved boost converter can be
achieved. The benefits of this topology is that it contains two energy sources with
one switch each and the idea is that the ripple from the inductors should interfere
and cancel each other. By cancelling the ripple, a smaller capacitance can be used
on the output. The ripple is cancelled out due to that the two boost converters are
phase shifted 180° to each other. When the duty cycle is reduced to half, the ripple
can be reduced to half [4]. The circuit for the interleaved boost converter can be
seen in Figure 2.2.
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>
SH

<+
SW. ~SW,
Vin N

Vin — [ Vout

Current controller — Voltage controller V
[ —— Wref

Figure 2.2: PFC with rectifier and a interleaved boost topology.

The DC/DC converter consists of an inverter, a transformer and a rectifier. When
dealing with on board charging the DC/DC converter provides with galvanic isola-
tion due to the transformer, it also controls the current to the battery. The circuit
for the DC/DC converter can be seen in Figure 2.3. It can be seen that each switch
is equipped with a diode and a capacitance in parallel, this is the anti-parallel diode,
that all MOSFETSs have, and the stray capacitance of the MOSFET. These are used
to achieve zero voltage switching, ZVS, to lower the switching losses. The inverter
usually is controlled with a phase shifted control which means that the switches is
turned on and off in a specific way. The transformer does not only provide with
electrical isolation, it also scales the voltage and the current. The power is then rec-
tified and filtered before it reaches the battery. The design of the DC/DC converter
and how to lower the losses will be more deeply discussed in chapter 4.

SW D- SW | D i Lo
t% C ﬁjﬁ}r C Lo DA D, ,
A 1 Is AlL +

o =

SWB SWD Nl: N2 | 2;
TER ) 020
D: Do

x
Y

Figure 2.3: DC/DC converter with transformer as galvanic isolation.

It is also possible to use synchronous rectifiers which means that the diodes are
replaced with MOSFETSs. This makes the circuit more complex but it reduces the
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conduction losses. It is also possible to use just one leg and split the transformer
on the secondary side. This means that fewer components will be used but each
components has to withstand higher stresses.

When it come to fast charging of an EV the battery in the EV can be charged
by a stationary storage battery which is connected to the grid. The storage battery
is used to supply the battery in the EV with high currents which is necessary for
fast charging. The reason for why the high currents can not be taken directly from
the grid is due to that the grid is not designed to supply big loads during short and
discontinuous time periods. Also plugs and connectors can not withstand such high
currents. The circuit for this setup can be seen in Figure 2.4. The fast charging
system is based on three phases and due to the high power level the system gets too
big to be inside a car, so fast charging is refereed to as off board.
battery

Grid Al A a || As || As T T T T 1

% %G Bi | B2 || B3 || Ba | Bs || B
A7 | As | A9 || Awo || A | A2 %

Al §
A

EV battery é
N '
Bs Bc %

,_\_| I I Storage
As || A

2

333

Vev——

L ol mem

Figure 2.4: Setup for fast charging system.

2.2 Induction and Transformer

As mentioned before a transformer is used both for inductive and conductive charg-
ing. Therefore the concept of induction will be presented followed up by a description
of a transformer. The theory is based from [5].

Faraday’s law of induction describes the non-conservative electric field, E, when
a variation in the magnetic flux density, B, appear, see (2.1)
0B
VXFE=——. 2.1
5 (2.1)
By applying Stokes theorem, see (2.2) where F is a function, Faraday’s law can be
written in a form of an integration, see (2.3). This equation is valid for all geometries

10
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with an surface S and a contour C. The vector dA is an infinitesimal vector element
of surface S.

j{CF-dl://SVxF-dS (2.2)

]{CE-dl:—Sé;f-dA. (2.3)
In general it can be said that the electromotive force, emf, can be described as
emf = fcﬂdz (2.4)
and by combining it with the magnetic flux, which can be written as
o= [S B-dA (2.5)
the emf can be described as
emf = _(9863 (2.6)

This means that a magnetic field that links a circuit will induce a current inside the
circuit. This is the reason for the behaviour of an transformer.

When an AC voltage is applied to a transformer a current will start to flow in
the first winding. The current is then creating a magnetic field in the transformer
which induces a current in the second winding. This can be seen in Figure 2.5.

Figure 2.5: Setup for a transformer.

By using (2.5) the mutual flux, ¢12, can be expressed as the magnetic flux density
through the surface of the second coil, S, see (2.7)

@12 = Bl -ds. (27)
Sa

11
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The magnetic flux density is created by the current on the primary side, 7; and can
be described by Biot-Savart law as

| s
Blzwofél all (2.8)

47 72

where 1 is the permeability constant and r is the radius of the closed loop. From
this equation it is possible to see that B; is proportional to the current on the
primary side which gives that ®;5 is proportional to the same current and can be
written as

By = Miy (2.9)

where M is the mutual inductance between the two sides of the transformer. By
adding N, turns on the secondary side the flux linkage, A5, can be expressed as

A12 - (I)lgNQ (210)

and if combining this with (2.9), M can be expressed as in (2.11) in terms of Ao
and i;. M can also be described with Ag; and iy which can be seen in (2.12).

Arp

M= 2.11
i, (2.11)
A21

M= 2.12
N (2.12)

The self inductance is expressed as the magnetic flux linkage per unit current in its
loop, which can be written as

_Au

Ly ; (2.13)
(4]

For a linear medium, the self inductance does not depend on the current. It de-
pends on the geometrical shape, the physical arrangement of the conductor and the
permeability of the medium. If M and the self inductances, for both the primary
and the secondary coil, are obtained the coupling factor, k, can be calculated as

M
k= : 2.14
L (2.14)
For an ideal transformer £ = 1. This is due to that there will be no leakage

flux which means that all flux that comes from the coil on the primary side will go
through the coil in the secondary side. In this case L; and L, will be equal to M.
A transformer in a conductive charger will consist of an iron core which means that
k will be close to unity. However, the inductive charger will have a core of air which
will decrease k heavily.

For an ideal transformer it is possible to transform parameters such as voltage,
current and impedance from the secondary side to the primary side and vice versa.

12
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This is done by using the turn ration of the transformer, see (2.15-2.17) for each
case.

N
=Vt 2.1
Vi=Vory (2.15)
Ny
I =1L=2 2.1
2= Ly (2.16)
N- 2
Zh = ZQ<N1) . (2.17)
2

During real experiments there will always be a flux leakage in the transformer. In
Figure 2.6 the equivalent circuit of a transformer can be observed.

Rl Lc,l Lo,Z RZ

MWW I, NN I,
+ +

Figure 2.6: Equvalent circuit of a transformer.

The resistance R, and Ry are the equivalent series resistances, ESR, for both of the
coils and L,; and L, are the leakage inductances for each coil.

2.3 Standards and Application

This section will provide the reader with some standards and information about
charging and charging equipments for conductive charging. The information is based
on [6]. It is possible to divide how an EV is charged in three separate categories,
normal charging, semi-fast charging and fast charging. Normal charging is usually
applied when charging an EV at home or at a place where the EV can be charged
for 6 - 10 hours. The power for this case is around 2.3 — 3.7kW with a voltage
level of 230 V. Only one phase is used in this case which means that the current
level is between 10 — 16 A. This is usually used at home which means that the EV
can be charged during the night. Semi-fast charging means that the EV is charged
for about 30 minutes up to a few hours. The power is around 3 - 5 times higher
compared to the previous case which means that this type of charging is adapted
for parking lots where the driver will be gone for the specified time. For example at
the grocery store, at a cinema or a concert, etc. The third and last charging method
is the fast charging. There is no definition on how fast this method has to be but
usually the time should not exceed 20 minutes. The goal of this method is not to
fully charge the EV but to extend the driving distance. In this case 50 kW, or more,
is applied and after 20 - 30 min the capacity of the battery is around 80 %. With
this method it is possible to charge an EV when taking a break during a longer trip

13
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or during more frequently driving in a city. When using fast charging DC is used
instead of AC but companies are working on an AC solution as well.

To be able to connect the cable to the charging station and the EV an electri-
cal connector, EC, is used in both ends of the cable. Sometimes the cable can be
integrated into the charging station, in that case there is only a need for an EC
between the cable and the EV. In 2014, the EU commission decided that the EC
called Type 2 and Combo 2 should become standard for AC and DC respectively, for
entire Europe [7][8]. But due to that some charging stations where installed before
that announcement, a change of EC might not have been done. It is also important
to state that this is just in Europe which means that the EC can be of another type
in the rest of the world. Therefore the most common EC will be introduced.

The standard EC that is used at home is called Schuko which can provide with
16 A one phase. This EC can be used for charging an EV but it is not recom-
mended due to that the Schuko is not designed to transfer high amounts of power
during longer periods. If so, the EC can catch fire. Also, the Schuko does not have
any communication pins, COM-PINs, which means that the Schuko does not have
any communication with neither the charging station nor the EV. One EC that can
transfer high power levels is the CEE connector. This EC is mostly used in indus-
tries and can handle 16 A for one phase. It can also handle much higher currents
for three phases, but due to that the CEE does not have any COM-pins, as well
as the Schuko, it is not recommended to charge an EV with it. The Schuko and
the CEE are quite old fashioned and works well for equipment that does not need
a communication link. Due to that communication is important when charging an
EV, for safety reasons, more advanced EC has been used when charging stations
have been installed. Examples of ECs that have COM-pins are, Type 1, Type 2,
CHAdeMO and Combo 2.

Type 1, also known as Yazaki or SAE J1772, is designed for 32 A single phase
and is installed for some cars today. But due to that it is only designed for single
phase it is not an optimal option. Type 2, which is standard in Europe today, can
handle both single phase and three phase with a current of 70 A and 63 A respec-
tively. Unlike Type 1 and 2, CHAdeMO uses DC with a power of 50 kW. It can
handle 500 V' and currents up to 120 A. Due to the high power level CHAdeMO
is equipped with eight COM-pins. The COM-pins are used to make sure that the
connection of the EC is correct as well as checking the status of the cable and make
sure that it is isolated. When this is done the battery in the EV is charged to about
80 % and when this value is reached the battery is charged with less power to ensure
that the battery will not be damaged. The communication for the CHAdeMO is
quick, around 200 ms, just to make sure that the battery is not charged with too
high currents which may damage the battery. To make sure that one EC can handle
both charging with AC and with DC(fast charging), Combo 2 was developed. It
is also known as CCS and this EC consists of two contacts, one for normal and
semi-fast loading, and one for fast charging. It is possible to say that Combo 2 is a
Type 2 with fast charging and from the Type 2 it gets its COM-pins. The Combo 2

14
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has, as well as Type 2, been classified as a standard for charging EVs in Europe
but Combo 2 has also been developed in USA. The American version uses a Type 1
instead of Type 2 but due to that Combo 2 has become global most car companies
has decided to use this in their cars.

There are also some companies that has developed there own EC, for example Re-
nault with their Chameleon which has a rectifier inside the EV instead of having
it in the charging station. When placing it inside the EV it has the possibility to
use regenerative breaking as was mentioned before. By placing the rectifier in the
car it is possible to make the charging station smaller as well as the conductive cable.

When charging an EV there are four so called modes, Mode 1 - 4, which represents
different safety levels during charging of an EV. The four modes are represented in
Figure 2.7. For Mode 1 it can be seen that there is no communication between the
EV and the charging station. In this mode a Schuko or a CEE is used for single
phase and three phase, respectively. It is recommended to use a current level of
10 A, for safety reasons, but as mentioned before it can handle 16 A. The reason
for this is due to the lack of communication which means that the equipment is not
protected against overheating or ground fault.

- Y
|Charging
station

- Y
/Charging
station

_____

Evse

[ep— [ ——
Charging Charging

station station

(EVSE)

S J

Figure 2.7: The different safety levels. The path of the power is represented by bold
arrows and the communication path is represented by the dashed arrows.

For Mode 2 it can be seen that an electric vehicle supply equipment, EVSE, has
been added between the car and the charging station. This mode can handle 32 A
but it is important to make sure that the chosen EC can handle the high current as
well. To establish a communication link between the EVSE and the EV a Type 1

15
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or Type 2 EC is used. Due to that there is only a communication link between
the EVSE and the EV, faults that occur at the outlet will not be handled. The
EVSE must at least be able to make sure that the EV is connected in a proper way,
monitor grounding and be able to turn on and off the power that is sent to the load.
If these criteria are not fulfilled, the charging procedure will not start and if a fault
is observed the power will be turned off. For Mode 3 the EVSE is now integrated
in the charging station which means that the charging station is now handling the
charging procedure. It can now handle 230 V' and 400 V' and currents up to 63 A
which means that fast charging is now available, if the OBC can handle it. An
intelligent charging post or a wall box is making sure that the charging of the EV
is performed in a correct way by communicating with it continuously. The EV is
connected to the cable via a Type 1 or Type 2, the cable itself is either integrated
into the charging station or connected by a Type 2. The criteria are the same as
for Mode 2, but due to that the charging station is communicating with the EV
continuously, Mode 3 is the safest of the four modes. Mode 4 refers to fast charging,
with DC, and as can be seen the charging station is now connected to the battery
in the EV. The power level for this mode can be between 20 kW and 125 kW and
the battery charging station is now communicating with the battery management
system, BMS. The BMS is controlling the power level and how long time the battery
can be charged. The criteria for shutting on and off are the same as for Mode 2
and 3.
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Inductive Charging

Even if the concept of using inductive charging has been around since the dawn of
Nikola Tesla it has only been used in the everyday life as a product for a couple of
years. For example when it comes to recharging electrical toothbrushes. However,
in recent years the so called Qi has been developed and become the standard for low
power inductive charging. The most common way of using Qi is to charge low power
object such as cellphones inductively using a high frequency. However, In May 2016
SAE International approved a standard for inductive charging for PH and EV. The
standard is refereed to as SAE TIR J2954 and this can hopefully speed up the de-
velopment of inductive charging for high power applications. The frequency that is
specified for this standard is 85 kHz (81.39 — 90 kH z) and is for light duty vehicle
systems. There are four classes of wireless power transfer, WPT, which are divided
into different power levels. The classes are referred to as WPT 1-4 and the power
levels are 3.7 kW, 7.7 kW, 11 kW and 22 kW respectively.

There has also been some research about inductive charging in Sweden. In 2015
Vattenfall started a research project, with several other companies, where 20 EVs
were supposed to be charged wirelessly [9]. The power level was 3 kW with a voltage
of 230 V. The wireless part consist of two coils, a primary and a secondary coil. The
primary coil is placed on the ground and the secondary coil is placed under the lug-
gage space. The secondary coil has the size of an A4 paper which is 210 x 297 mm?.

As showed before, an inductive charging system contains of a similar setup as the
conductive charging system. However, in this case the transformer is the interface
between the charging system and the EV. This means that the rectifier, inverter and
the coil on the primary side are placed outside the car and the secondary coil and
the rectifier are placed inside the car. In Figure 3.1 a simple topology of the system
can be seen where the dashed line shows which parts belongs inside of the car and
which parts that belongs outside of the car. It can be seen that two compensation
blocks has been added and the reason for this is due to the low amount of transferred
active power. Compensation will be discussed more in the next section.
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. Outside the EV Inside the EV .
' @E Rectifier Inverter Comp. % é Comp. Rectifier Battery | |

Figure 3.1: Block diagram of inductive charging.

It is usually desired to improve the system by adding a boost converter, like in
the conductive case, to increase the power factor. It is also possible to add the
boost converter inside the car. Adding power electronics inside the car will not
only contribute to a higher power factor but can also contribute to a more efficient
charging system. However, as in the case with the conductive charger there is a
balance between the size and the performance of the charger.

3.1 Compensation

Compensation is used to maximise the active power on the output of a circuit by
reducing the reactive power. The reason for why compensation must be applied
during inductive charging is because the transformer has a much higher leakage in-
ductance compared to the transformers that are used for conductive charging. This
can be done by placing capacitors in series or in parallel on both the primary and
the secondary side of the transformer. When compensating on the primary side
a more stiff voltage source will occur which makes the power transfer more effec-
tive. Due to that both sides can be compensated either in series, S, or parallel, P, a
total amount of four topology combinations can be obtained, SS, SP, PS and PP [10].

The first topology that will be introduced is the SS compensation, see Figure 3.2.
By using a matching capacitance on the primary side the imaginary part of the
impedance will be zero which means that the voltage on the primary winding will
be equal to V.

Ciss

I || | L
+ | I +
V. V.

Cl,ss

Figure 3.2: Series compensation on both the primary and the secondary side.

The total impedance on the primary side can then be expressed as

Z1es = Jwlq + .
b J ' ]wcl,ss
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3. Inductive Charging

To achieve zero impedance on the primary side the size of the capacitance can be
selected as

1
w2lq’
For the capacitance, Cs 45, on the secondary side, the expression will look the same
but with the inductance L, instead. The imaginary part of the impedance on both
sides are now equal to zero which means that the active power will now be equal
to the apparent power. If a load is attached on the output the load would see the

transformer as a current source which means that the load current is independent
of the load.

Cl,ss =

(3.2)

By keeping the capacitance on the primary side in series and place the capaci-
tance on the secondary side in parallel with the load, the transformer now acts as
a voltage source instead. This can be seen in Figure 3.3. The output current will
now be a little bit smaller than the current through the winding on the secondary
side due to that the current will now also go through the capacitor Cyg,. The size
of the capacitance can be expressed in the same way as for the SS topology but it
can also be expressed with the coupling factor, k, to eliminate the reactive power
provided from the input voltage source. The expression for Cy 4, will be the same
as before but the expression for ' 5, will then be

1

Cl,Sp = w2L1 . (1 _ k?2> . (33)
Cls
P L: L.
I || L. I
. | .
VI JE— CZ,sp VZ

Figure 3.3: Series compensation on the primary side and parallel compensation on
the secondary side.

By swapping the two capacitors with each other the PS topology is achieved. Here,
as can be seen in Figure 3.4 an extra inductance L, ,s needs to be added as the
interface between the input and the parallel capacitance. This is due to that the
circuit is feed with a current source. The added inductance should be equal to L;
and the capacitors are calculated as before. The system will act as a voltage source
in this case as well.
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3. Inductive Charging

I.in,ps L2 CLPS
BN N | L
; | :
V1 c1,ps - VZ

Figure 3.4: Parallel compensation on the primary side and series compensation on
the secondary side.

The last topology is the PP topology, see Figure 3.5. As in the previous case an
extra inductance needs to be added between the voltage source and C} ,, but this
inductance needs to be expressed with k as

Lingp = L1(1 — k7). (3.4)

Also, C} ,, need to be expressed as in the case with SP compensation. C5,, will be
expressed as before and C ,, is expressed as

1
w2ly - (1—k2)
Due to the position of C ,, and Lj, ), a current source is created and the transformer

will then be fed with a constant current. This allows the system to act as a current
source.

Cipp = (3.5)

Lin,pp I.Z
YTV I L.
+ +
V1 CLPP _ - Cl,pp Vz

Figure 3.5: Parallel compensation on both the primary and the secondary side.

3.2 Ferrite bars

To be able to concentrate the magnetic flux in the coils ferrite bars are usually
placed on the outside of the transformer. The ferrite bars have a high permeability,
1, which means that the magnetic flux will be concentrated into this material. By
concentrating the magnetic flux, the leakage can be heavily reduced which means
that the coupling between the two coils will increase. In Figure 3.6 two coils without
ferrite bars is showed in a 2D-axisymmetric geometry. The lower coil is fed with an
AC-current which creates a pulsating magnetic field that will induce a current in the
upper coil, as explained in the previous chapter. The magnetic flux is transferred
from the lower coil to the upper one. However, a lot of the flux is distributed around
the lower coil which means that there is a lot of leakage flux. This leakage flux can

20



3. Inductive Charging

interfere and damage other components that are placed nearby. Also, it is important
to keep the magnetic flux away from humans, and other animals. This is due to that
the magnetic flux can be dangerous if exposed frequently or during long periods.
It can also induce currents in metal objects like rings and watches which can cause
burn damages.

Time=8826 us Surface: Magnetic flux density norm (T) Streamline: Magnetic flux density

x107M!

3.5

25

1.5

-2 o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 cm

Figure 3.6: Two coils without ferrite bars. The leakage flux is high for this case.

As mentioned before, the ferrite bars are placed on the outside of the coils and due
to the high permeability, the magnetic flux density will be concentrated into the
ferrite bars. By looking at Figure 3.7 it can be seen that the leakage flux is now
reduced.
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3. Inductive Charging

Time=30000 us Surface: Magnetic flux density norm (T) Streamline: Magnetic flux density
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Figure 3.7: Two coils with ferrite bars. The leakage flux is low for this case.

The reason for why ferrite bars are used instead of for example iron, which also have
a high u, is because iron is a much better conductor. This means that eddy currents
will be induced in the iron which will provide with losses in the transformer. To
be able to reduce the cost for the ferrite bars it is not needed to cover the entire
coil with ferrite bars, a smart and well planed structure can reduce the amount of
ferrite bars and still keep the same performance. Due to that the coils are already
designed different placements for the ferrite bars will not be tested but due to that
a cost analysis of the entire system will be made it is important to not use more
ferrite bars than needed.
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Methods (Power Electronic)

The charging setup that will be simulated consists of a boost converter and a DC/DC
step. The conductive charging setup was designed for three different cases for the
output, low voltage and high current, medium high voltage and medium high current
and last high voltage and low current. All three cases where designed to provide
with 3.3 kW and can be referred to as Case 1, Case 2 and Case 3, respectively.
More specific information about the voltages and currents for the different cases can
be seen in Table 4.1. Where V},, is the input voltage, I;; mqs 15 the maximum input
current, Vpe is the voltage that is applied to the inverter and V; and I is the output
voltage and current.

Table 4.1: Specifications for the three cases.

Parameter | Case 1 Case 2 Case 3
Vin 230 V 230 V 230 V
Lin.maz 16 A 16 A 16 A
Ve 450 V 600 V 450 V
Vo 100 V 450 V 600 V
Io 33 A 733 A 55 A

The inductive charging setup that will be simulated will consist of a boost converter
and a DC/DC step. The boost converter will have the same design as in the con-
ductive cases. The DC/DC step consists of only one design layout, this was due to
that an already prebuilt design existed and to make fair comparisons the values for
the transformer was used. The rest of the components were designed with respect
to the transformer. The DC/DC step was simulated with an input voltage of 450 V/
and it is supposed to deliver 3.3 kW, as the conductive setup. All simulations were
made in LTspice IV. The following section will first introduce the design of the boost
converters. After that the design of the DC/DC step for the three different cases
of conductive charging will be presented. Last, the design of the inductive charging
setup will be introduced.

4.1 Boost AC/DC converter in PFC application

To be able to use the high frequency converter the power from the grid must first
be rectified. This is done by using a rectifier which consists of four diodes which
gives that output will always supply with a positive voltage and a positive current.
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4. Methods (Power Electronic)

The rectifier is then connected to a boost converter which consists of an inductance,
a switch and a diode. The chosen diode is a DSEI2x101-12P with a repetitive
reverse voltage of 1200 V' and a reverse recovery time of 40 ns. When the diode
is conducting the voltage drop over the diode is 1.61 V. The diode can withstand
a forward current of 91 A. The switch is a MOSFET called IPW65R037C6 and in
Table 4.2 the most important ratings of the MOSFET can be seen. This MOSFET
was chosen due to its low resistance which means that the conduction losses will be
low. It is also wanted that the parasitic output capacitance Clg, is low. The reason
for this will be explained in the next section where zero voltage switching will be
explained.

Table 4.2: ratings of the IPW65R037C6.

IPW65R037C6
Parameter Value
Vs 700 V
Rps 37 mQ

Ip(T =25°C) | 832 A
I5(T =100°C) | 52.6 A
Coss 380 pF

The switching frequency for the boost was chosen to be less than half of the switching
frequency of the inverter and due to that 85 kH z is standard for inductive charging
this was chosen to be used for the inverter for conductive charging cases as well.
So the switching frequency for the boost converter was chosen to be 35 kHz. The
inductance can then be calculated as

Vbe
4fswAIL

where A1y, is the current ripple through the inductor, peak-to-peak. The maximum
current that the inductor have to withstand is \/§Im,max = 22.6 A and with a
Al = 0-2\/§Im,maz the inductance can be calculated as

Loeeym = (4.1)

450 V
L _ — 711 uH 42
COMI = 35 kHz-4.52 A H (4.2)
600 V
L _ — 048 uH 43
COM2 = 35 kHz-4.52 A H (4.3)
450 V
Leoms = =711 pH (4.4)

4-35kHz-4.52 A

for the three cases. Lcom and Leoas was set to 700 pH which gives a current
ripple of 4.59 A and Leoce was set to 950 pH which gives a current ripple of 4.51 A.
According to [11], the output capacitance can be calculated as

Py

= ———M
0 QWVDCAVDC

(4.5)
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and it is desired to cancel out as much voltage ripple as possible due to that the
DC/DC step should be fed with a DC signal [11]. Therefore a output capacitance
of 100 puF was chosen. The calculated voltage output ripple is then calculated to be

3300 W

AVy, = =0.167V 4.6

Ol 9. 2. 135 kHz 450 V - 100 uF (46)
3300 W

AVy, = =0.125V 4.7

027 9.2 71-35kHz-600 V - 100 uF (47)

AVps = 3300 W 0167V (4.8)

2-2.-m-35kHz-450 V - 100 puF
The duty cycle, D, for an ideal boost converter can be calculated as
Vin
Ve
It is important to make sure that D is not too close to 1. This is due to that the

gain will quickly decay due to parasitic elements that is neglected in (4.9). D for all
three cases are calculated to be

D=1- (4.9)

230 V

D=1—-""_--=04 4.1
0V 0.489 (4.10)
230 V

D=1—-——=061 4.11
600 V 0.617 ( )
230 V

D=1—-——— =0.489. 4.12
450 V 0489 ( )

As can be noticed the boost converter for Case 1 and Case 3 are exactly the same.
This is due to that the input and the DC-voltage is the same for both cases as can
be seen in Table 4.1.

4.2 DC/DC Converter for Conductive Charging

The DC/DC converter consists of an inverter, a transformer and a rectifier, as was
mentioned before. The inverter consists of four MOSFETs, the MOSFETs are the
same as the MOSFET that was used in the boost converter. The inverter will
convert the DC-signal, from the boost converter, into an AC-signal which will go
through the transformer and after that it will be rectified again and connected to a
load which in this case is a simplification of a battery. The same inverter is used for
all three cases, the only thing that is changed for the inverter is the control settings
for the gate pulses. The switching frequency is set to 85 kH z which is, as mentioned
before, standard for inductive charging and will also be the frequency that will be
used for the combined setup.

At high frequency application there will be high switching losses. To be able to
reduce these losses the inverter will be using zero voltage switching, ZVS, which
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means that current will not start to flow through the MOSFET until the voltage
across it has reached zero. This is done by using an anti-parallel diode that every
MOSFET is equipped with together with the resonant capacitance, C'g, which is de-
pending on the parasitic output capacitance C,ss and the transformer capacitance
Cr. ZVS is achieved when the magnetic energy in the inductor is larger than the
electrical energy in the capacitor, this means that the capacitor will be discharged
at every off-state each switching period. This condition can be expressed as

I’L  V3.Cg
2 ” 2
It can be noticed that to be able to fulfil this criteria it is important to keep C,
low when using high voltages across the MOSFET otherwise an extra inductance
might be needed to add to fulfil the criteria. It is also important to make sure that
the design can handle low power levels because low power levels means low I. The
results of using and not using ZVS can be seen in Figure 4.1 and 4.2, respectively.
In the first figure it can be seen that the voltage over the MOSFET has reached
zero before the current get positive which is not the case in the second figure. This
means that for low D, a current will low through the MOSFET at the same time
as there is a voltage over the MOSFET. This means that the switching losses will
be high for low D.

(4.13)

600
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Figure 4.1: Voltage over the MOSFET and the current through the MOSFET at
turn on when ZVS is achieved.
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Figure 4.2: Voltage over the MOSFET and the current through the MOSFET at
turn on when ZVS is not achieved.

The inverter will also be using phase shift control which means that the gate signals
will be phase shifted. The phase shift is in this case refereed to as the time between
when MOSFET-3 is turned on and MOSFET-1 is turned on. This is the same as
the time between when MOSFET-4 is turned on and MOSFET-2 is turned on. The
phase shift of the gate signals can be seen in Figure 4.3. There is also a small delay
between when MOSFET-1 is turned off and MOSFET-2 is turned on, as well as for
MOSFET-3 and MOSFET-4. By introducing this small delay each MOSFET will
now be turned off and turned on at specific times which will prevent short circuits
in the legs of the inverter. By controlling the phase shift, D will be controlled as
well, by looking at the figure it can be seen that when MOSFET-1 and MOSFET-3
is on the output signal will be positive and when MOSFET-2 and MOSFET-4 is
on the output signal is negative. The amplitude of the output signal will always be
equal to the DC voltage that the inverter is fed with, in this case 450 V. However,
the rms value of the signal is affected by the phase shift. By increasing the phase
shift D will decrease.
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Figure 4.3: Gate signals for all MOSFETs and the output signal of the inverter

The effective duty cycle of the inverter can be calculated as

Vo
D=_"n 4.14
Voo (4.14)

where n is the turn ratio of the transformer. It is preferable that the maximum
value of D should never exceed 0.8. This means that n has to be chosen differently

for each case so D will become smaller than 0.8. D was calculated for each case to
be

100V 13

D= —— .2 =072 4.15
YT450V 4 (4.15)
450V 14
Dy=— .- —Q. 4.1
> =G0V 15 07 (4.16)
600V 5
=0y 9 0T (4.17)
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The equivalent capacitance of the resonant tank can be expressed as

C1R = iCoss + CT (418)

where C,,s is 380 pF', which was given earlier in Table 4.2. The factor % is an ap-

proximation due to that during each transition two switches are always involved and
the values of these capacitors are never constant [4]. The transformer capacitance,
Cr is assumed to be 10 pF' in this case. The capacitance of the resonant tank is
then calculated to be 1023 pF'.

When designing the transformer it is important to make sure that the desired volt-
age and current on the output is achieved. It is also important to make sure that the
connection between the two coils are good and that a sufficiently leakage inductance
is used to reach resonance in the circuit. To be able to calculate the parameters
for the transformer the current output ripple Aly needs to be calculated. It can be
expressed as

_ Wl -D)
Aly = AL

Where Ly is the output inductor. Here L; is chosen so Al will be approximately
0.11, for all three cases. Al will then be calculated to be

(4.19)

100 V - (1 —0.722)

Al = =327 A 4.2
OV 4. 25 uH -85 kH > 327 (4.20)
450 V- (1—0.7)
Aly, = =0.79 A 4.21
027 4.500 uH - 85 kHz (421)
Alys = 600 V-(1-0.74) _ 0.51 A. (4.22)

4-900 pH - 85 kHz

The magnetizing inductance, L,; can be expressed as

nDVDC
> ——

4AIOfsw
It is important that Lj; is big enough to make sure that the magnetization current

is smaller than the current output ripple transformed to the primary side. L,; can
be expressed as below for the three cases:

L (4.23)

13 0.722 - 450 V'

MU T3 or s hHe | AT H (4.24)
4 0.7-600V
L Bl — 1459 uH 4.9
M2 e 079 A85 ke | P9 H (4.25)
5 0.74-450 V
Lns > o — 1067 uH (4.26)

9 4-051 A-85 kHz
and are set to 1000 pH, 1500 pH and 1100 pH respectively. L), is in these cases
refereed to the primary side of the transformer. The leakage inductance for the
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primary side is chosen so ZVS will be achieved for the three cases. To be able to
reach ZVS (4.13) must be fulfilled. The electrical energy is calculated to be

1023 pF - 450 V?

W, = 5 — 103.58 puJ (4.27)
1023 pF - 600 V2
Wy = —l 5 = 184.14 pJ (4.28)

1023 pF - 450 V?
3 —
2
for each case respectively. This means that the magnetic energy from the leakage
inductance must be greater than the electrical energy, this inductance is referred to
the primary side. The leakage inductance, L, can be expressed as

= 103.58 1. (4.29)

2W.,
2
I
where I, is the peak value of the primary current which is the sum of the magneti-

zation current and the load current with its ripple transformed to the primary side,
which can be seen in (4.31).

L, >

(4.30)

Iy + Al
I = [y + 020 (4.31)
n
Iy; can be calculated with the following equation
DVpe
Iy = 4.32
M 4LMfsw ( ) )
and for the three cases it is calculated to
0.722 - 450 V
Iy = =0.955 A 4.33
ML 41000 pH - 85 kHz (4.33)
0.7-600 V
Iyo = =0.824 A 4.34
M2 41500 uH - 85 kHz (4.:34)
74 -4
0.74-450 V = 0.890 A. (4.35)

Tnra —

M3 741100 pH - 85 kHz
It is important to make sure that ZVS is achieved for low power levels as well as
high power levels. Therefore the transformer will be designed so that ZVS will be
achieved for half of the nominal load. This means that the output current will be
halved. This gives that I, will be equal to

33 A4+327 A
I, =095 A+2 " "= " —7038A 4.
b1 =0.955 A+ 1374 7.038 (4.36)
733 A 40.79 A
I,o=0824 A+ -2 + =5.597 A (4.37)

14/15
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52 A+0.51 A
5/9

for the three cases with half of the output power. The leakage inductance can then

be calculated for each case as

I3 =0.890 A+ —6.758 A (4.38)

2.103.58 ]
Ly, > 000 RS 49 g A,
17 T8 A2 8 u (4.39)
2.184.14 puJ
Lyy> 0= B 4 75 uH 44
22 TEEGT A2 o (4.40)
2.103.58
L,a> 2209001 54 WH. 141

To make sure that ZVS will be applied for even lower power levels the leakage
inductance was chosen to be 5uH, 12uH and 5uH for each case respectively. By
adding the leakage inductance and the mutual inductance the self inductance of the
coils can be obtained. The self inductance for both the primary and the secondary
side is expressed as

L1 - LU,I + M (442)

Ly = Lo+ M. (4.43)

Due to that the output signal will be a square wave where the output DC signal will
be the average of the square wave. The DC signal can be expressed as

Voo = VaD. (4.44)
The inductance for the secondary side can be expressed as
100 V/0.722\
L, =1000 pH| ———— | =94.733 uH 4.45
M,1 H ( 150 V ) H ( )
I, = 1500 i [ 220V/07 2—17220 H (4.46)
w2 = AR oy ) T A '
s = 1100 uH W 2—35711 H (4.47)
ma = SR\ Tysg ) T A :
The mutual inductance can be calculated as
Ly
M = 4.48
DVi/V; (4.48)
and for the three cases they are calculated to
100 V
M; =1000 uH ——————— =307.8 uH 4.49
! H0722 450 v a (4.49)
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450 V
600 V'

For the three cases, L, > is assumed to be 2 pH, 3 pH and 4 H, respectively. These
assumptions are based on the amount of turns on the secondary side and the size
of the inductors on the secondary side. Compared to L., which contributes with
ZVS, L, is just a parasitic component and it is desired to keep it as low as possible.
It might be possible to have an even lower L, but it will not be brought up in this
report. As mentioned before an ideal transformer will have & = 1 but due to that
leakage inductance has been added this is not the case anymore. However, k for
high frequency transformer that is used in a conductive charger usually is around
0.99 or above. For the three cases, k be calculated with (2.14) as

307.8 uH

ke = = 0.9872 (4.52)
V(5 1H + 1000 pH) - (2 p1+ 94.733 p1)
1607 pH
ky = a = 0.995 (4.53)
V(12 uH + 1500 pH) - (3 pH + 1722.0 pr)
1982
ky = = 0.9972. (4.54)

V(5 pH + 1100 pH) - (4 pH + 35711 po)

As can be seen the coupling factor is close to one in all three cases. However, it is
usually desired to have k above 0.99 which it not the case for k;.

To represent the conduction losses in the winding of the high frequency transformer
a equivalent series resistance, ESR, needs to be added. These are also assumed due
to that the thickness and length of the wire is unknown. The amount of turns is
known and therefore the ESR is assumed to be linearly dependent on the amount
of turns. It is assumed that one turn provides with 10 mf2 which therefore provides
with the following ESR for both the primary and the secondary side. So for the
three cases, the ESR for the primary side is then calculated to be 130 mf2, 140 mS2
and 50 mf) and the ESR for the secondary side is calculated to be 40 mf), 150 mf2
and 90 mf), respectively.

The output current ripple was calculated earlier when L; was decided but it is
also necessary to calculate and minimise the output voltage ripple, AV} as well. It
is reduced by adding a capacitor at the output, as for the boost converter, and can
be expressed as

Al
ut Z T
16 - fswAVE)

For a voltage ripple of 1 V, for all three cases, the output capacitance are calculated
to be

Co (4.55)
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3.27 A
> = 2. .
Cou 2 16 g5 k= 1v — 200 (4.56)
0.79 A
> = 0. .
Couz 2 16 g5 k= 1v — 000 M (4:57)
051 A
> = 0. . .
Cous 2 16 85 k= 1v 0200 M (4.58)

The value of capacitors are set to 3 uF', 1 uF and 1 pF', respectively. By using
a low value for the output capacitor the time constant can be kept low. This will
reduce the simulation time heavily. However, a bigger capacitance can be chosen
for a real setup. A bigger capacitance will require more space and will probably be
more expensive.

4.3 Setup for inductive charging

As mentioned before, the topology for an inductive charging system looks quite
the same as the topology of a conductive charging system. This means that some
components from the conductive charging systems will be used in the inductive
charging system as well and some components needs to be adjusted a bit. The com-
bined system is assumed to be a compromise between the two systems. Therefore
it is important to make sure that the difference between the components for the
inductive charging system is small compared to the components for the conductive
charging system. Therefore, the same inverter with the same MOSFETs will be used.

For inductive charging, k, will be much lower than for conductive charging and
is now depending on the distance between the primary and the secondary coil. Mis-
alignment between the coils will also change the value for k. For inductive charging
k is usually around 0.2 and due to the low k, the leakage inductance is much higher
than for conductive charging. This means that ZVS can be achieved with a much
lower current but at the same time the flux leakage will be much higher. To make
sure that as much active power as possible is transferred a compensation must be
added on both sides of the transformer. The mutual inductance between the two
coils are depending on the distance between the coils and due to that one coil is
placed inside the EV and one on the ground the distance between them may vary
each time the EV is charged. This gives that k is depending on the distance between
the coils. Therefore, an SS topology is chosen where the value of the capacitors are
not depending on the coupling factor. The values of the capacitors are calculated
to be

1 1
Lw? 214 pH - (27 - 85 kHz)?
However, it is usually desired to use several small capacitors in parallel and in series
instead of using one big capacitance. By connecting the capacitors in parallel it
is possible to split up the current which means that each capacitor will have to
withstand a lower temperature. By connecting them in series the capacitor bank

Css =

=16.38 nF. (4.59)
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can withstand higher voltages. It is important to state that the voltage drop over
the capacitance can be much higher than the input voltage. A general topology
of the capacitor bank can be seen in Figure 4.4 and the total capacitance of the
capacitance bank can be expressed as

CeapN
M

where C,qp, is the capacitance for one capacitor, /N is the number of capacitors in
parallel and M is the number of capacitors in series.

C(tot =

(4.60)

:c1,1 :c1,2 Cl,N

:CZ,I :CZ,Z CZ,N

Cus

Cm,z CM’N

Figure 4.4: General topology for a capacitor bank.

These capacitor banks will be treated as one capacitor during the simulations but
for the cost analysis several small capacitors will be used to create a capacitor that
represents 16.38 nF'.

As mentioned before, the voltage drop over the capacitor is needed to determine
how many capacitors that is needed in series. During the simulations the voltage
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drop over both capacitors was measured. For the primary side the peak voltage was
1.688 £V and for the secondary side the peak voltage was measured to be 2.528 kV .
The chosen capacitor is a polypropylene film capacitor with AC voltage rating of
1.5 £V and its capacitance is 3.3 nF'. This gives that the capacitor bank on the
primary and the secondary side needs at least two capacitors in series to withstand
the voltage and still have some safety margin. To be able to reach 16.38 nF’, each
capacitor on the primary side needs 10 capacitors in parallel which is also the case
for the capacitors on the secondary side. The total capacitance for each capacitance
bank is expressed as

3.3 nF - 10

Chot1 = + = 16.5 nF (4.61)
3.3 nF - 10

Crots = + = 16.5 nF. (4.62)

This means that 40 capacitors will be used in the two capacitor banks. The total
capacitance was chosen to be a little bit higher than 16.38 nF’, this is due to that
when using compensation it is important to make sure that the circuit does not
become capacitive. The circuit can become capacitive if for example the frequency
is too low or the value of the capacitor bank is too low. It can also be done by de-
signing the capacitance banks for a slightly lower frequency. However, this method
was not used in this case due to that the desired frequency will always be achieved
in the simulations.

With compensation, the current through the coil will now be shaped as a sinus
wave. This means that only the fundamental frequency from the voltage signal will
provide with active power. Therefore the ratio between the input voltage and the
output voltage is not linearly dependent on D anymore. This means that the rms
value for the fundamental frequency from a square wave needs to be calculated for
every duty cycle. The result of this can be seen in Figure 4.5, for this case n = 1 for
simplification. As can be seen from the figure the output rms value for the inductive
case can never be equal to the input value. This means that if, for example, an
output value of 0.7V}, is desired a duty cycle of 0.6 is needed.
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Fundamental vs Duty cycle
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Figure 4.5: Ratio between the output and the input signal for inductive charging
and conductive charging.

The values for the coils are taken from two existing coils and are set to 214 pH with
k = 0.19. The turn ratio of the transformer is 13/8. The input voltage for the DC-
step is set to 450 V. By looking at the figure it can be seen that the output signal
will not increase linearly with the duty cycle for inductive charging. For example
a duty cycle of 0.7 gives that the rms value for the fundamental frequency of the
square wave will be 0.7719 of the input signal. This means that the voltage on the
output will be

450 V- 0.7719
Voutn = =214V 4.63
b 13/8 (4.63)
The equivalent series resistance for the coil is approximated from [12] where the turn
ratio for the coils is 9:9 and the resistance and inductance values are Ry = 122.7 mf2,

Ry = 1508 m§Q), Ly = 115.79 uH and L, = 132.6 uH. The turn ratio from
this project is close to the turn ratio for the chosen coil in this project, however the
chosen inductance is 214 pH which is almost twice as big as in [12]. Therefore it
is assumed that the resistance for the chosen coils will be linear to the increase of
inductance. So the resistance for the primary and secondary side can be expressed
as

214 nH

R =122.7 mQ- M
L " 1579 uH

= 226.77 mA2 (4.64)
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214 nH
132.6 uH
In [12] a frequency of 22 kHz was used and due to that the resistance is depending

on the skin depth, ¢, and the used frequency for this project is 85 kH z which means
that the resistance will be even higher. The skin depth can be expressed as

_ | 2
5= T (4.66)

where p is the resistivity of the conductor and p is the permeability of the conductor.
The conductors are made out of copper and p = 1.68 - 10~8Qm and p = 1.256629 -
107 H/m. The resistance can be expressed as

R} = 150.8 mA2 = 243.37 mA2 (4.65)

B [
~ 7(D—6)6

where 1 is the length of the conductor and D is the diameter of the conductor. For
simplicity D >> § which gives that (4.67) can be expressed as

Ruc (4.67)

Rac = (4.68)

nDd’
The ratio between the resistance in this project, R/;., and the resistance from [12]
can be expressed as

= 2% (4.69)

Both cases uses copper and by implementing (4.66) in (4.68) and assuming that the
diameter is equal for both cases and that the length is linearly proportional to the
amount of turns the resistance for the primary side can be calculated as

I*p
Riyo = 5 Rye (4.70)
wD§

The equivalent series resistance for the primary and the secondary side when AC is
taken into consideration is then expressed as

13-85 kHz

8-85 kHz
E = 243. Q= . Q 4.72
SRy ac 3.37Tm 922 kils 835.8 m (4.72)

It is important to state that these resistances are just approximations and may differ
from the correct resistance but it shows in what range the resistance will be for this
case.

The whole setup that was used in LTspice IV can be seen in Figure 4.6. As can be
seen a big resistance is added between the two coils, this is due to that the secondary
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side needs to be connected to the primary side to complete the simulation. Also a
spice directive is used to define the parameter of the transformer.

L1
2

1266m {C_comp_1) (c_comp_2) T osezaonoe
Kmm(h L
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Figure 4.6: Circuit of the inductive charging setup in LTspice.

4.4 Setup for combined system

To be able to successfully combine these two different systems into a single system a
well structured topology is needed but it is also important to keep the quality of the
two systems so two good systems will not become one bad system. A simple way of
keeping the quality of the two systems is to make everything in parallel as can be
seen in Figure 4.7. With this system it is possible to perform conductive on-board
charging. However this means that all power electronic from the conductive part as
well as the receiver coil and the rectifier from the inductive part will be inside the
EV. As mentioned before there is already a lack of space in the EV, therefore, it is
probably not a good idea to add the inductive parts in an already narrow space.

| Rectifier
Conductive Charging | with Boost Inverter % g Rectifier

topology

Inside the EV

I
I
I
Outside the EV :
|
|

Inductive Charging

Rectifier |— — 1 -
with Boost Inverter Comp. §| Ig Comp. Rectifier

topology [ —

1
1
1
1
1
1
1
1
1
Battery | 1
1
1
1
1
1
1
1
1

Figure 4.7: Parallel setup for the combined system with on board charging for the
conductive part.

If off-board charging was used instead on the parallel setup it would set free a lot of
space in the EV due to that the only thing that will be inside the EV now would be
the secondary part of the inductive part. The topology for this can be seen in Figure
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4.8. This means that the weight of the EV would be reduced and more space would
be available for other features. However, this method can create problems for the
driver. For example, one problem may be that the driver can now only charge the
EV at places where this power electronic is available. It can also be seen that there
are some duplicates of some components in the parallel system. One of the tasks
that was mentioned in the introduction was to reduce the amount of components so
this combined system would be smaller than two separate systems.

e e e o e o e o o e o e e e e e e e e = =y

I

I

Rectifier — i
with Boost Inverter } g Rectifier 1
1 i

I

topology

Conductive Charging

Battery

|
I
Iy
! |
Outside the EV Iy Inside the EV
x B
Rectifier |— — 1 ! —

with Boost Inverter Comp. % | : g Comp. Rectifier
- - I -

topology

/()\
\ /

Inductive Charging

Figure 4.8: Parallel setup for the combined system with off board charging for the
conductive part.

One solution to reduce the amount of components can be to use the topology that
can be seen in Figure 4.9. From the figure it can be seen that the conductive and
the inductive system uses the same rectifier and inverter. The rectifier connected
to the battery can consist of exactly the same components but it is not possible to
only use one rectifier due to that the one that belongs to the conductive charging
system is not inside the car as the rectifier which belongs to the secondary side of
the inductive charging system.
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Figure 4.9: Parallel setup for the combined system

The rectifier is a passive component and the only thing that needs to be checked
is to make sure that the diodes can withstand the voltage and the current levels.
However, for the boost converter the inductor has to be specified so it satisfies both
systems requirements. This is due to that the inductor is a passive component which
is not the case for MOSFET of the boost converter, which decides the duty cycle.
The duty cycle can be specified to be a certain value but it can also be specified to
be two different values which is depending on which type of charging method that
is used. This means that the boost converter needs to know what type of charging
method that is going to charge the car and therefore it will be re-programed every
time the charging system is connected to the EV. The inverter also needs to be a
compromise to be able to handle both systems. Due to that the DC voltage on the
inverter is 600 V' for Case 2 and the chosen MOSFETSs can withstand 700 V' this
topology is not optimal for the combined system. This is mainly due to that it is
desirable to have a margin of around 50 % and for this case, the margin is only 100 V.

The phase shift controller and ZVS will be used for this inverter as well as in the
previous setups to reduce the switching losses. When it come to the transformer it
is quite obvious that there has to be two of them, one for the conductive part and
one for the inductive part. As mentioned before the whole transformer for the con-
ductive setup is placed outside the car as well as the primary side of the transformer
for the inductive part. The secondary side of the transformer for the inductive part
is placed inside the car. Due to that one secondary side is outside the EV and one is
inside the EV it is not possible to only use one rectifier. If the same rectifier would
be used it would have to be placed inside the EV and then the car could have been
charged with a high frequency current during conductive charging. Therefore two
rectifier must be used before the power is transferred to the battery.
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Results

This chapter will present simulation results for the different components that has
been designed. The results will be explained and discussed in this chapter and at
the end a cost analysis of the designed systems will be presented.

5.1 Simulation results for the Boost Converters

Figure 5.1 shows the efficiency for the two different boost converters and as can be
seen the efficiency is almost 100 % for D < 0.7. As mentioned earlier the parasitic
components have a huge impact on the transferred power at higher duty cycles which
explains the drop in efficiency between D = 0.6 and D = 0.7. The Duty cycle
was stepped with 0.1 but due to that the dip appeared between 0.6 and 0.7 and
one of the converters was designed with a duty cycle of 0.617 an extra simulation
at 0.65 was made. The load was set so the output power always was 3.3 kW in this
simulation.
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Efficiency vs Duty Cycle - Pw1 = 3.3 kW
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Figure 5.1: Efficiency curve for different duty cycles.

However, it is impossible to see any difference for the two different designs. By
zooming in on the plot it is possible to observe the efficiency more detailed. The
zoom in of Figure 5.1 can be seen in Figure 5.2. By only presenting the values
for a duty cycle up to 0.65 it is possible to see that the efficiency is over 99 % for
D < 0.65.
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Efficiency vs Duty Cycle - Pou'l = 3.3 kW
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Figure 5.2: Zoomed in version of efficiency curve for different duty cycles.

To be able to see if the desired voltage level is reached, the output voltage was
plotted against the duty cycle, which can be seen in Figure 5.3. From the figure it
can be seen that for D = 0.489 a output voltage of around 450 V' was achieved and
for D = 0.617 a output voltage of around 600 V' was achieved. It is also possible
to see the impact of the parasitic components which causes the output voltage to
flatten out for D > 0.7.
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Output Voltage vs Duty Cycle
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Figure 5.3: Output voltage for the two boost converters for different duty cycles.
The voltage ripple must also be investigated due to that it is desired to have a ripple
as close to zero as possible. The output voltage for the two boost converters can

be seen in Figure 5.4. As can be seen the peak to peak voltage is approximate 1 V'
which is good, however it was desired to have an even lower voltage ripple.
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Output voltage - Boost 1
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Figure 5.4: Output voltage from the two boost converter with ripple.

The boost converters was also tested for different power levels with the nominal
duty cycle. In Figure 5.5 it can be seen that the efficiency was over 99 % for all
power levels between 1 — 7 EW. It can also be seen that the boost converter with
a lower duty cycle has a slightly higher efficiency. With these simulations it can be
stated that the desired DC voltage for the DC/DC setups was achieved for both of
the boost converter with almost no losses.
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Efficiency vs Output Power
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Figure 5.5: Zoomed in version of efficiency curve for different duty cycles.

5.2 Simulation results for the DC/DC steps

The DC/DC step was simulated by applying a pure DC voltage on the input of the
DC/DC step which is the same as assuming that the boost converter can supply a
pure DC signal to the DC/DC step. With this assumption the simulation time for
the DC/DC step can be reduced heavily due to that the frequency of the grid is
50 H z while the frequency for the DC/DC step is 85 kH z. This means that the only
time period that will be taken into consideration will be the one for the DC/DC step
which is around 11.76 us, compared to the time period for the grid which is 20 ms.
This assumption is assumed to have an extremely little impact on the results for the
whole system due to that the boost converter provided with the desired voltage level
with an extremely small voltage ripple. The three conductive cases were designed
to have an output voltage of 100 V', 450 V and 600 V and the output current for
these cases should then be 33 A, 7.33 A and 5.5 A to be able to deliver 3.3 kW.
During the simulations it was noticed that the output voltage for Case 1 was far too
low and it was not possible to supply 3.3 kW for this system. Therefore the input
voltage for the DC/DC step was set to 550 V' instead of 450 V' to be able to supply
the load with 3.3 kWW. The output voltage and the output current for all three cases
can be seen in Figure 5.6.
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Figure 5.6: Output signal for the three conductive cases.

As can be seen the voltage level is lower than it was designed for and is believed to
be caused due to the leakage inductance in the transformer. The voltage could be
increased by increasing the number of turns on the secondary side but due to that
the system could supply the desired power level, 3.3 kW, this was not needed. The
peak to peak voltage for Case 1, 2 and 3 was 2.2 V', 1.24 V and 0.8 V, respectively
while the peak to peak current was 1.07 A, 26.7 mA and 5.98 mA. The systems
were designed to have a voltage ripple of 1 V', and as can be seen Case 2 and 3 is
close to 1 V' while Case 1 is 2.2 V. The deviation for Case 1 is most likely related to
that the input voltage for Case 1 was increased. The output capacitance for Case 1
was calculated with (4.56) which is depending on (4.15) and (4.20). By increasing
the input voltage, D; from (4.15) will decrease. By decreasing Dy, Alj; that is cal-
culated in (4.20) will increase which leads to that the capacitance that is calculated
from (4.56) is not big enough.

To be able to confirm if the lower voltage is caused due to the leakage inductance
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of the transformer the voltage and the current through the transformer must be
investigated. To be able to do this the input voltage, the input current, the out-
put voltage and the output current was plotted for three different scenarios. It was
chosen to do these simulations for Case 2 due to that this case was designed with
the biggest leakage inductance. However, Case 1 could also have been investigated
due to that the voltage deviated in comparison to the designed voltage for this case.
The first scenario was the designed case, which means that L,; = 15 pH and
L, = 3 pH. For the second scenario L,; was kept as usual and L,o = 0 pH.
This means that the secondary coil has no leakage inductance. In the third and
final scenario, L,; = 1 pH and L,o = 0 pH which means that the secondary coil
has no leakage inductance while the primary coil has a small leakage inductance. It
was chosen to not set L,; = 0 pH due to that it was desired to still have ZVS
during the simulations. The results for the three scenarios can be seen in Figure
5.7-5.9, respectively. For the first scenario it can be seen that the current rises quite
slow when a positive voltage is occurred which can be explained with the relation
between the voltage and the current for an inductor which is written as
dig,

Vi = L s (5.1)
This means that if L is increased and the voltage is kept the same the change in
current will decrease. By looking at lower plot it can be seen that on the secondary
side the current has the same shape as for the primary side. However, the width of
the voltage curve is a bit smaller in comparison to the primary side which means
that the RMS value of the output voltage of the transformer will be smaller than
expected.
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Figure 5.7: Voltage and current characteristics for the primary and the secondary
side of the transformer. Simulation values are taken from Case 2.

By removing the leakage inductance on the secondary side, the steepness of the
current is changed but the change is so small that it can barely be seen. The width
of the voltage curve is still smaller than the voltage curve on the primary side which
gives that the RMS value of the output voltage for the transformer is still smaller
than expected. Due to that the changes for this scenario was negligible compared
to the previous scenario it concluded that the leakage inductance on the secondary
side has almost no impact on the output voltage.
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Figure 5.8: Voltage and current characteristics for the primary and the secondary
side of the transformer. Simulation values are taken from Case 2 but the leakage
inductance on the secondary side is removed.

In the last scenario it can be seen that the width of the voltage curve for the
secondary side is equal to the one on the primary side. This means that the desired
voltage level will be received for this scenario. However, this concludes that the
added leakage inductance which is used to achieve ZVS will lower the output voltage

a bit.
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Figure 5.9: Voltage and current characteristics for the primary and the secondary
side of the transformer. Simulation values are taken from Case 2 but the leakage
inductance on the secondary side is removed and L,; = 1 puH.

To see if the calculated output ripple is correct, the current through the inductor Ly
must be inspected. The current ripple can be seen in Figure 5.10. Ly was set so that
the output current ripple should be 10 % of the nominal output current. However,
as can be seen, the output current is higher than the nominal current which is due
to that the desired output voltage was not achieved. Al is the difference between
the peak of the current and the average value of the current. The peak for all three
cases are 44.6 A, 9.29 A and 6.53 A which gives that Alj is approximately 10 % for
all three cases.
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Unfiltered current - Case 1
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Figure 5.10: Output current with ripple.

As mentioned before, to increase the amount of transferred active power a compen-
sation was needed for the inductive charger. In the top plot of Figure 5.11 it can
be seen that the input current to the transformer is lagging the input voltage of
the transformer. Due to that the phase shift is around 90° almost no active power
is transferred in this case. However, as can be seen in the bottom plot, by adding
the two capacitors that was calculated earlier the phase shift between the current
and the voltage is removed. The result of this is that more active power will be
transferred without increasing the input power.
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Figure 5.11: Input voltage and input current without and with series compensation.

It was stated earlier that the only frequency that will contribute with active power
is the fundamental frequency of the square wave, this is due to that the current
through the transformer is sinusoidal, as was showed in the bottom plot of Figure
5.11. The ratio between the output voltage and the input voltage for the wireless
system can be seen in Figure 5.12. As can be seen, the shape of the simulated ratio
is close to the calculated fundamental ratio of the square wave. It can be seen that
the biggest deviations occur for low duty cycles, this is believed to be caused due to
that ZVS is not achieved.
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0.0 Fundamental vs Duty cycle
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Figure 5.12: Calculations and simulations for the ratio between the output and the
input signal for inductive charging.

By changing the duty cycle of the inverter different power levels will be acquired.
The output power for the DC/DC step for both the conductive and the inductive
cases can be seen in Figure 5.13. From the figure it can be seen that the power level
is smoothed out a bit for higher duty cycles for the inductive case while it keeps
increasing for the conductive cases.
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Output power vs Duty cycle
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Figure 5.13: Output power from the DC/DC step.

The efficiency of the DC/DC step can be seen in Figure 5.14. As can be seen the
efficiency increases with the Duty cycle and then stabilises for both the inductive
and the conductive cases. The reason for the low efficiency for low D is due to
that the switching losses in the inverter are high for low duty cycles. By increasing
the duty cycle the current will increase and ZVS will occur and the losses in the
inverter will be decreased heavily. It can also be seen that the inductive charger has
a lower efficiency compared to the three conductive chargers. This is mainly due to
that the resistance in the transformer is higher for the inductive cases than for the
conductive cases. For the inductive charger an efficiency of 85.98 % was achieved
when the duty cycle was set to 0.7. However, when increasing the duty cycle to
0.9 an efficiency of 83 % is achieved. As can be seen Case 2 and Case 3 have the
highest efficiency, where Case 3 is slightly higher than Case 2. For the nominal duty
cycle, the efficiency is 98.42 % for Case 3 and for Case 2 the efficiency is 98.06 %.
For Case 1 the efficiency at the nominal duty cycle is 92.84 %. The reason for why
Case 1 have the lowest efficiency of the three conductive cases is probably due to
that this case have a larger current which will increase the conduction losses for the
inverter, the transformer and the rectifier.
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100 Efficiency vs Duty cycle - DC/DC step

80 ]

70 | .

50 r 7

Efficiency [%]

40 t .

20 t = |nductive - 450 V| |
Case 1
10 Case 2
Case 3

D 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Duty cycle

Figure 5.14: Efficiency for the DC/DC step for different duty cycles.

The DC/DC step was also tested for different power levels for the nominal duty cycle.
Due to that the inductive case was not designed from scratch D was set to 0.7 for
the inductive cases. The results from the simulations can be seen in Figure 5.15. It
can be seen that the efficiency is lower for low power level and that the efficiency
stabilises when the output power is increased. However, it can clearly be seen that
the characteristics for case 1 differs a lot from the other cases. This is believed to
mainly depend on that the output voltage for the three cases was somewhere below
the specified voltage during the simulations, as was showed earlier. The reduced
voltage on the output was mainly caused due to the leakage inductance that was
added to receive ZVS and due to that Case 1 was designed for low voltage and high
current the voltage drop in the system become too big. This could have been solved
by increasing the amount of turns on the secondary side but due to that the two
other conductive systems worked fine this modification was never made. From the
figure it can be seen that Case 3 has the highest efficiency followed up by Case 2.
Case 1 could not provide with more than 4 kW in the simulation due to that the
voltage decreased heavily when the desired output power was increased. It can also
be seen that the efficiency for the inductive case has efficiency of 85 % when the
output power is between 3 — 7 kW.
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Efficiency vs Output Power - DC/DC step
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Figure 5.15: Efficiency for different output power with the nominal duty cycle.

As have been mentioned, the main reason for why the efficiency is lower for the
inductive case than for the conductive case is because of the resistance of the trans-
former, which can be seen in Figure 5.16. The figure shows the loss distribution
for the inductive and the conductive cases and as can be seen the losses in the
transformer contribute with 66 % of the total losses for the inductive system. By
comparing this with the losses for the conductive cases, it can be seen that for the
conductive cases the rectifier contributes with the highest losses in all three cases.
The contribution of losses from the transformer will increase for higher currents leav-
ing that the contribution of losses provide from the inverter will be much smaller
compared to the losses from the rectifier.
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Case 1 Case 2
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Figure 5.16: Loss distribution for the inductive and the conductive cases.

Transformer: 66%

The model that was designed for inductive charging was compared with measure-
ments from an already built inductive charger. It is important to state these two
systems are not based on the same design. However the measurements shows how
good performance a wireless system can achieve. The comparison between the sim-
ulations and the measurements can be seen in Figure 5.17 and 5.18. As can be seen
the output power is increasing similar in the measurements compared to the simu-
lations. However, during the measurements the output power only reached 3.3 kW
but the characteristics looks the same. From Figure 5.18 it can be seen that an
efficiency of 93 % was achieved during the measurements which is higher than for
the simulated model. One explanation for this can be that the transformer for the
real setup was made out of litz wire which is less affected by the frequency.
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Efficiency vs Duty cycle - Wireless DC/DC step
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Figure 5.18: Efficiency for both measurement and simulations for inductive charging.

Due to the difference between the measured and simulated results it was decided
to simulate the model without a frequency dependence for the resistances. The
simulations were also made with a series compensation of 16.38 nF and 16.5 nF
to be able to see if there is any difference in efficiency between the model with the
calculated capacitance and the capacitor bank that was used for the cost analysis.
As can be seen in Figure 5.19 the difference in efficiency when using a compensation
of 16.38 nF' and 16.5 nF' is negligible. However, as was shown before, the increase of
the resistance of the coils has a big impact on the efficiency. Without the frequency
dependence an efficiency of 92.53 % was achieved when D = 0.7.
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Efficiency vs Duty cycle - Wireless DC/DC step
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Figure 5.19: Efficiency for both measurement and simulations for inductive charging.
The simulations are made with and without frequency dependence and with series
compensation with both 16.38 nF' and 16.5 nF.

Without the frequency dependence of the resistance in the coils, the losses in the
transformer will decrease and therefore the loss contribution from the transformer
will be less than before. This can also be seen in Figure 5.20. The loss contribu-
tion for the transformer has decreased from 66 % to 35 %. However, the efficiency
without the frequency dependence is assumed to be some kind of maximum effi-
ciency while the efficiency with the frequency dependence is assumed to be some
kind of minimum efficiency. This means that if the correct AC resistance can be
calculated the efficiency would most likely be somewhere between the minimum and
the maximum efficiency.
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Figure 5.20: Loss distribution for the inductive cases with and without a frequency
dependent resistance.

For inductive charging it is important to make sure that the charger can handle
different distances and misalignment. This is due to that a EV will never park on
the exact same spot every time. To be able to simulate these behaviour, k was
swept from 0 to 1, the results of this can be seen in Figure 5.21. Due to that k is the
connection between the primary and secondary coil & = 0 means that the distance
between the coils is big and £ = 1 means that the distance is absent. When k
is close to zero, the connection between the coils will be almost absent, this means
that the primary coil will act as a short circuit and this is why the input power
is high while the output power is low compared to the input power. However, if k
is increased, the input power drops while the output power increases due to that a
connection between the two coils are established. This means that the efficiency will
increase heavily due to the established connection and then stabilize. By increasing
k even more both the input and the output power will continue to decrease. The
efficiency remains the same until & = 0.3 where it starts to decrease slowly until
k = 0.8 where it starts to decrease more. The decrease in efficiency can be caused
due to that ZVS is not achieved anymore due to the small current.
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Input Power vs Coupling Factor
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Figure 5.21: Output power for different coupling factors.

5.3 Cost analysis
A cost analysis of the system was made to see how much each separate system, would

cost. The cost is measured in SEK, and is presented in Table 5.1. The leakage
inductance for the conductive systems is included in the cost for the transformer
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due to that the transformer will either provide with the leakage inductance or some
extra wire can be wired around a toroid to create the desired inductance. By looking
at the table it can be seen that the inductive system costs 4695 SEK while the
conductive systems costs between 3485 — 3820 SEK. By adding the costs for the
inductive and for the conductive systems the cost for two separate systems will be
between 8180 — 8515 SEK. To get the price for the combined system the costs
for one boost converter, one inverter (4 MOSFETs) and one microcontroller can be
removed. This means that 2225 SEK can be removed for the combined system
which gives that the cost for the combined system in percent of the two separate
system can be expressed as

4695 SEK + 3615 SEK — 2225 SEK 6085 SEK

- — 732 5.2

4695 SEK + 3615 SEK 8310 SEK % (5:2)

4695 SEK +3820 SEK — 2225 SEK _ 6200 SEK _ 0. 53)
1695 SEK + 3820 SEK T 8515 SEK 01 '

4695 SEK +3485 SEK — 2225 SEK _ 5955 SEK _ o, 5.4)
4695 SEK + 3485 SEK T 8IS0 SEK " ‘

In the calculations, the costs are based on prices of single components which means
that if the systems would have been mass produced the price for each system would
decrease. However, how much money that can be saved in a mass production of the
combined system in comparison to two systems is hard to predict.

Table 5.1: Costs of the inductive and conductive systems.

Part Component Ind - 450 V | Case 1 | Case 2 | Case 3
Diode x5 5% 230 5x230 | 5x230 | 5x230
Boost L 60 60 60 60
MOSFET 80 [13] 80 80 80
C 365 365 365 365
MOSFET x4 | 4x80 4x80 | 4x80 | 4x80
Transformer 210 170 290 140
Ferrite bars 450 N/A | N/A | N/A
DC/DC step | Diode x4 4%230 4%x230 | 4x230 | 4x230
Lot 70 280 380 190
Cout 5 20 5 10
Ceomp 815 N/A N/A N/A
Other Microcontroller | 250 250 250 250
Total cost 4695 3615 3820 3485
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Discussion

As was showed in the results, for inductive charging an efficiency of 85.98 % and
92.53 % was achieved for the simulations with and without a frequency dependence
of the ESR for the transformer. The measurements of a similar system showed an
efficiency of 93 %. The reasons for why the efficiency is so high for the measurements
can depend on several reasons. One reason for the high efficiency is due to that the
inverter is using SiC MOSFETs instead of Si MOSFETs. The SiC MOSFET pro-
vides with lower switching losses than a Si MOSFET and R,, for a SiC MOSFET
will not increase as much as it will in a Si MOSFET when the temperature is in-
creased|[14].

The simulations showed an efficiency of 85.98 % with frequency dependence and
a efficiency of 92.53 % without the frequency dependence. If the designed system
would have been built the efficiency would probably be around 88 — 90 % due to
that the ESR will have a frequency dependence. However, it is complicated to es-
timate how much the frequency will affect the ESR with just calculations and it is
also hard to measure an AC resistance with an instrument. One assumption can
be that due to that a litz wire has a small frequency dependence, the correct ESR
is closer to the calculated ESR without the frequency dependence than the ESR
with the frequency dependence. This gives that the efficiency would be closer to
92.53 % than 85.98 %. However, the MOSFETSs that was used in the simulations
only provided with transient losses and conductive losses which means that heat
losses and self heating is not included in the simulations. This means that if this
model would have been built the efficiency for the system would probably be lower
due to the excluded losses, but it is hard to tell how much these excluded losses will
affect the efficiency. With this said a feasible efficiency for the inductive charging
system would be between 88 — 90 %.

For conductive charging an efficiency of around 98 % was achieved for Case 2 and 3
and for Case 1 an efficiency of 93 % was achieved. A conductive charger usually have
a charging efficiency of around 94 —95 % [4]-[15] which gives that the simulations for
the conductive cases provided with a efficiency that are a few percent higher than
in the stated cases. One explanation for this can be that the MOSFETs, as men-
tioned before, only provides with transient losses and conductive losses. However,
an efficiency of around 94 — 95 % for the conductive charger would be desirable be-
cause then the chargers would be resembling to the chargers that are available today.

If the conductive models was supposed to be built it would be necessary to re-
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place the chosen MOSFET with a MOSFET that can withstand higher a voltage
level for Case 2. This is due to that the input voltage on the DC/DC step is 600 V'
in this case which only gives a safety margin of 17 %. For Case 1 and 3 the safety
margin are around 55 % which is a good margin. MOSFETs with higher voltage
ratings were tested but these MOSFETs caused problems during the simulations.
The chosen MOSFET was the one with the highest voltage ratio that at the same
time did not cause any problems during the simulation. The problem was that the
time step for the simulation became too small in the simulation which interrupted
the ongoing simulation. This can usually be fixed by adding ESR to the capacitors
in the circuit or by lowering the tolerance and the quality of the simulations. How-
ever, these modifications did solve the problem for the MOSFETs with the higher
voltage ratings. With this in mind, the best combined system will be based on
the inductive case combined with Case 3. This is due to that it is desired to use
the chosen MOSFET due to the low resistance, 37 mf). Therefore Case 2 is not
relevant due to the low safety margin. Case 1 and Case 3 have the same input
voltage and therefore fulfils the safety margin but Case 3 was chosen due to that
the efficiency was higher compared to Case 1. It is possible for future work, that
Case 2 is redesigned with a input voltage of 450 V' on the DC/DC step so the safety
margin is fulfilled. The reason for why Case 2 is suggested to be redesigned is that
450 V as an output voltage for the charger is probably a better voltage level than
600 V due to that the voltage level for the battery is usually around 450 V" and lower.

When it comes to the cost of the systems it was calculated that the inductive sys-
tem would cost 4695 SEK and that the conductive systems would cost between
3485 — 3820 SEK. The combined system would cost around 5955 — 6290 SEK,
however as was mentioned earlier, these costs are based on the price for individual
components and if the system would be mass produced the cost would decrease.
The cost could also be reduces by replace some of the components with cheaper
components. For example, the chosen diode can withstand 1200 V' which is twice
as high as the voltage in Case 3, which has the highest voltage level of all cases. By
choosing a diode with a voltage rating of 900 V' for this case a safety margin of 50 %
will still be achieved and the cost would be reduced a bit. The same argument can
be made for case 1 and 2 were the voltage ratings are 100 V' and 450 V', respectively.

It might be possible to reduce the costs of the charger by using components that
are already installed in the EV. For example, to be able to run the motor in an EV,
power electronics is needed and is therefore already installed in the car regardless if
the EV is charged with an OBC or an off board charger. This means that it might
be possible to reduce the costs of the components inside the car for the inductive
part of the system by using some of the already installed components. For example,
all EVs uses an inverter to convert the power from DC, from the battery, to AC for
the motor. This inverter will not be used when the EV is charged which means that
it could be used instead of the rectifier on the secondary side in the inductive part
of the combined system. If this is possible, the passive rectifier will now be an active
rectifier and most likely the losses will be reduced due to that MOSFETs usually
have a smaller resistance compared to a diode.
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The measurements showed that it is possible to achieve an efficiency of 93 % when
charging wirelessly. However it is not as efficient as conductive charging yet and it
also costs more. Inductive charging is on the other hand much easier to use due that
the only thing the driver needs to do is to park over the primary coil. This also means
that the user never needs to touch a cable in a humid environment which means that
the risk of getting a electric shock from the cable is absent. This makes the inductive
charging system much safer than the conductive charging system. With this said,
inductive charging is a strong competitor to conductive charging when it comes to
charging an EV for 3.3 kW. Therefore, an interesting test scenario would be to
test a combined system that could handle inductive charging and fast charging. For
this test scenario inductive charging would have been used for normal loading as in
this project and conductive charging would have been used for fast charging. This
system would in theory provide with a convenient way of charging a EV at home or
at work with inductive charging and still provide with the possibility to fast charge
an EV.

6.1 Sustainable Development and Ethical Aspects

This section will first discuss the questions that was asked in the introduction about
sustainable development and second the ethical aspects will be discussed. So how
is a better charger for an EV going to make the world more sustainable? As men-
tioned in the introduction, most of the vehicles on the streets are equipped with a
combustion engine and these vehicles are producing a huge amount of green house
gases. By replacing the combustion vehicle with EVs it is possible to reduce the
amount of green house gases, provided that the amount of green house gases from
the combustion vehicles is higher than the amount of green house gases from the
production of the electricity that the EV is charged with. By making it easier and
more convenient for the driver to charge the EV with inductive charging the amount
of EVs can hopefully get a push on the market and the EV can hopefully compen-
sate for the lower mileage with its extremely simple way of charging. However, this
assumes that the EVs are replacing the combustion vehicles and not just added on
to the amount of already existing vehicles. However, it is not likely that people will
buy an EV and at the same keep the old combustion vehicle due to the costs of it.
Therefore, a qualified assumption would be that by introducing inductive charging
for EVs the chances of replacing combustion vehicles with EVs are increased which
in the end will reduce the amount of green house gases in the world.

The economical aspects is directly connected to the cost of the charger and it was
presented in the previous chapter. However, the cost is just representing one system
and if a mass production will take place the cost will reduce heavily. The cost is
an important factor due to that people might just see the cost of installing a EV
charger at home as an extra cost for buying a EV. For example, when buying a com-
bustion car you do not need to buy a gas station, the only thing that costs money
is the gas. For an EV this is not the case, when buying an EV it is also necessary
to buy a charging station and install it in the garage or in the carport. However,
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it is important to state that the costs after the EV is bought and installed is lower
than the gas price, for most countries. This means that over time more money will
be spent on gasoline than on the EV charger plus the electricity. It is also impor-
tant that governments are funding EV chargers not just in the big cities but also in
smaller towns and along the highways. Otherwise it is just possible to drive shorter
distances and the EV will not be an alternative for the people who commute by car
to work everyday. One small step could be to install charging stations at work so it
is possible to charge the EV during work hours.

As mentioned there are three aspects to be taken into consideration when discussing
if a better charger for an EV going to make the world more sustainable? And even if
the ecological aspects is the most relevant, followed up by the economical, the social
aspects needs to be discussed in this project as well. One thing that is needed to
be able to replace the combustion cars with EVs is as mentioned before that gov-
ernments are willing to spend money. If the cities are not offering charging station
people might need to drive ridiculous distances just to charge the EV, which in the
end is not sustainable at all.

When it comes to the ethical part of this project the most important ethical state-
ment is defined as "Show correct results from the simulations and the conclusions
that are made should be backed up with correct data". The data for this project
was presented in the previous chapter and as could be seen the results showed that
power could be transferred both wireless and through a cable with a high efficiency.
Both the conductive and the inductive chargers was tested with different duty cy-
cles and was tested for different load levels. The inductive charger was also tested
for different distances. All these different simulations can be added together and
provide an overall impression on what these systems are capable of. The charac-
teristics for the conductive systems are similar to each other which strengthens the
credibility of the provided data. Also, the characteristics from the simulations of
the inductive systems are similar to the measurements which also strengthens the
credibility. Last, the efficiency for the all systems was compared to other systems
from other projects which also proves that the data from this project is reliable. The
conclusion can be seen in the following chapter and all conclusions are based on the
data provided from the previous chapter. This gives that the conclusions that were
made are backed up with correct and accurate data. The last ethical topic is about
safety. The magnetic field can cause damage on humans and animals if exposed to
the magnetic field. The damages that it can cause is dependent on how strong the
magnetic fields are and how often one is exposed to it. Therefore it is extremely
important to avoid the magnetic fields when inductive charging is used. As men-
tioned earlier, ferrite bars can concentrate the magnetic fields which means that not
only the efficiency will increase but also the safety of the system will increase. It is
also important that animals are protected from these magnetic fields when an EV
is charged. For example, a cat could crawl under the EV during winter times to
protect itself from the cold weather. The inductive system which will generate heat
might than be a perfect place for the cat to warm up itself. These situations has
to be avoided due to that the cat can be severely damaged by the magnetic fields.
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Therefore a screen or a similar object might be necessary the the EV is charged on
a car port. If the EV is charged in a garage it is enough to just make sure that the
cat is not inside the garage when the EV is charged inductively.
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Conclusion

It has been shown that it is possible to design a system that can handle both con-
ductive and inductive charging in an efficient way. This was done by combining an
off board charger with an inductive charger. The combined system consists of a
boost converter and one DC/DC step. The DC/DC step is divided into one induc-
tive part and one conductive part and the DC/DC step consists of one inverter, two
transformers, two capacitor banks and two rectifiers. This gives that the inductive
and the conductive part shares the same inverter.

Two boost converters were designed, one with an output voltage of 450 V' and
one with an output voltage of 600 V. The efficiency for the two boost converters
was over 99 % and could supply the DC/DC step with the desired voltage with a
voltage ripple of 1 V. However, if the boost converter would have been built, the
efficiency would decrease due to that the simulations did not take all kind of losses
in concern.

The efficiency for the inductive DC/DC step where the ESR had a frequency de-
pendence was 85.98 % for an input voltage of 450 V and a duty cycle of 0.7. By
increasing the duty cycle to 0.9 the efficiency can be increased to 88 %. By ex-
cluding the frequency dependence of the ESR an efficiency of 92.53 % was achieved
for D = 0.7. Measurements were performed on a prebuilt inductive charger with
SiC MOSFETs and the measurements showed that an efficiency of 93 % could be
achieved. The simulations for the conductive case showed an efficiency of 98.42 %
98.06 % for Case 2 and 3, respectively, while Case 1 had an efficiency of almost 93 %.

The cost for the inductive systems was calculated to be 4695 SEK and the cost
for the three conductive cases was calculated to be 3615 SEK4, 3820 SEK and
3485 SEK. By combining the inductive and the conductive systems the total cost for
the combined systems was calculated to be 6085 SEK, 6290 SEK and 5955 SEK,
which means that the cost for a combined system would be 72.8 — 73.9 % of the
total cost of one inductive and one conductive system.

It was decided that the combined system should be based on the inductive sys-
tem and Case 3. This was due to that Case 3 was the only case that provided with
a high efficiency and an acceptable safety margin for the chosen MOSFET. The cost
for this system was calculated to 5955 SEK.
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