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Compact AC/DC for Electric Vehicle Charging
MARTIN ALERMAN

THERESE STENBERG

Department of Electrical Engineering

Division of Electric Power Engineering
Chalmers University of Technology

Abstract

At present, the automotive industry has equipped their electric vehicles with the
on-board charger, where it converts the power in order to charge the high voltage
battery. However, there is a demand to remove the on-board charger from the vehicle
since it requires large space and weight. Therefore it is desirable to investigate if
it is feasible to relocate and redesign the on-board charger to an external portable
charger. Since this charger is suppose to be portable, it is essential that the design is
lightweight and compact.

This research completed an analysis of a dissembled on-board charger, topolo-
gies review of converters, components selection, loss calculations, electric circuits
simulation and thermal simulation studies.

In this study it was demonstrated that it was feasible to design an off-board charger
for electric vehicles. The charger was design for a current level of 4 A, which has a
size of 1024 cm?, a weight of 2.8 kg and an efficiency of 94.42 %. Comparing only the
module itself with the OBC, there was a weight reduction of 71 %. Forced cooling
has been implemented, to prevent overheating of the power electronic components.

Keywords: On-board charger, Off-board charger, AC/DC converter, DC/DC con-
verter, PHEV, Boost, Totem-pole, Full-bridge, Half-bridge and Cooling system.
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1

Introduction

1.1 Background

With the automotive industry moving towards electrification, the number of electric
vehicles (EVs) has increased in the market in recent years [1]. Therefore, it is vital
to have a sufficient and accessible charging infrastructure in the society for EVs, in
order to recharge the batteries in the vehicle and mitigate the driver’s range anxiety.
Simultaneously, the batteries have become larger to extend distance range further,
which has led to an increase in weight of the vehicle [2].

A feasible solution for this could be to relocate the on-board charger (OBC) from the
vehicle to a charging cable to reduce weight in the vehicle, and to provide customers
with an applicable charging alternative. This cable is for household applications,
where utility power is being used, which allows the driver to bring the charger with
them to charge at other locations equipped with standard wall sockets.

The Propulsion unit at CEVT (China Euro Vehicle Technology) is responsible
for the development of future energy transmissions for Geely Group as well as the
development of electric propulsion systems including all high voltage components. At
this unit, the power conversion department is interested in investigating and finding
a portable off-board charger solution for plug-in hybrid electric vehicles (PHEVSs)
directed toward households.

The assignment is to redesign the existing on-board charger and relocate it in
the charging cable as an off-board charger. Simultaneously, the AC/DC-module
should be designed to be more compact by reducing size and number of the power
electronic components and also adding a minimized cooling system. The AC/DC-
module in the OBC includes an AC/DC-converter and DC/DC-converter. The aim
of this project is to make design improvements regarding efficiency, losses, size, and
weight.

One issue with having an OBC-system inside the vehicle is that it requires a lot
of space, which can be used for other things, i.e. control system, larger battery or
cooling system. By having more space for a larger battery, it would lead to less
stress on the battery’s system and longer travel distance range.
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1.2 Aim

The aim of this project is to develop a compact mechanical design of an AC/DC-
converter module, including thermal and electrical sizing, for an off-board charging
cable for PHEVs. The device choice shall be based on various factors such as
efficiency, volume, and losses.

1.3 Objectives

In order to design a compact AC/DC-module charger, the following main objectives
will be investigated:

o A literature study of different topologies will be examined to find one that
applies for this project.

o The electrical performance of the converter shall be taken into consideration.
The power electronic components are selected to achieve high power factor
(PF), high efficiency, and low THD (total harmonic distortion). These per-
formance parameters are obtained by the simulation software LTspice and
calculations procedure.

o Within the thermal aspect, the selected components will be hand calculated
regarding the losses in order to evaluate if it is feasible to design an off-board
charger for low-power charging application. Furthermore, a cooling system is
suggested to reduce the thermal losses and will be simulated in an application
software for thermal analysis.

o The components and cooling system selection will decide the final size of the
off-board charger, regarding weight and volume that will be estimated.

« An investigation regarding the safety and sustainability aspects of charger
module for PHEVs will be conducted.

1.4 Problem

The purpose of investigating an off-board charger for PHEV's, with design modifica-
tions regarding efficiency and size, is to create more compartment capacity within
the PHEV that can be utilized for larger batteries in the first place.

In order to design an effective and compact converter for the off-board charger,
diverse topologies of power electronic circuits will be analyzed. These topologies are
created to find an appropriate circuit that can be used for external portable charging.
By studying these topologies, a comparison in requirements can be made in regard
to the type of converter, efficiency, level of power application and low number of
power electronic components (capacitors and inductors). These requirements also
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include how the cooling implementation for the converter will be executed, where
it is expected to be large in size, since liquid cooling from the vehicle is not used.
Thus, it is vital to select material and components that are sufficient to meet the
demands within the project. Since the focus is mainly on weight and size, existing
integrated circuit (IC) PFC will be utilized.

In relation to the size of the converter and the make the module portable, the
size and number of components needs to be reduced and the cooling system mini-
mized. Having a portable module allows the driver to bring the off-board charger and
charge the PHEV at locations where wall-sockets exist. Simultaneously, there must
be a balance between delivering sufficient charging power to the vehicle and having
the charger light weighted. Low weighted is desired since the potential customer
should be able to lift the charger without much effort. The components temperature
depends on the thermal design and the loading conditions. These components will
be required to handle temperatures preferably below 150 °C, when the conversion
process occurs inside the module.

Regarding the losses, it is favorable to find a converter that can perform sinu-
soidal current consumption, where a unitary power factor is achieved [3]. The issue
in using an AC/DC converter is that it contains non-linear loads, in forms of rectifiers.
These loads will provide undesirable frequency to the current and thereby increase
THD. This leads to that a lower power quality will be delivered to the load [5]. To
avoid this, linear loads (capacitors and inductors) are needed to compensate this,
where a higher power factor can be obtained to achieve lower THD [3].

To reduce the size of the components, the switching frequency can be increased [4].
However, a higher switching frequency leads to higher losses caused by the switching
elements turning on and off in a high-speed releasing transition energy per second
[6]. If a conventional DC/DC converter will be used, it is favorable to implementing
a galvanic insulation in the transformer of the converter, to provide safety measures
[38]. Since AC/DC-conversion creates high frequency electronic noise, there is a need
for control or reduction in the electromagnetic interference (EMI), using filters.

1.5 Scope

Since this project is about to design a portable battery charger exclusively for PHEVSs,
other types of EVs will not be acknowledged. For PHEVs, the most commonly
design specification for OBC that is existing today, is designed for 230 V, 50 Hz, 16
A rates, giving an output power of 3.4-3.6 kW, 92-94 % in efficiency and a PF of >
0.99. Additionally, a standard OBC weights approximately 4 kg with a switching
frequency of 98.3 kHz both for the power factor correction (PFC) and DC/DC
converter. The charging optimization is considered not as important as to ensure
that the AC/DC-converter module operates in the charging range, which is the main
focus of this project.

After consultation with CEVT, reference values were settled to proceed from. Since
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the off-board charger will be operating within low power range, it is more reasonable
to follow international standards. The efficiency is expected to be at least 90 % with
a minimum PF of 0.9, according to international standards [7]. The power density is
assumed to be approximately 1 kW /kg. Moreover, the overall weight of the module
should be minimized from 4 kg, with aiming to reach a higher switching frequency
than 100 kHz for both the AC/DC- and DC/DC converter since it is desirable to
reduce the components size.

Since that the charger is for household applications, single-phase system is used.
Other systems, such as 2-or 3-phase system will not be investigated. These house-
holds are assumed to have European standard shucko-wall sockets, limited with 16
A and 3.68 kW [8]. However, since EVs usually draw a maximum current of 10 A
when connected to a wall socket, the input current level is assumed to be maximum
10 A [9]. The calculations will be based from a current level of approximately 4 A
since low-power charging is desired.

The charger should also have a unidirectional flow configuration, which implies
that the power from the grid is transferred one way to the battery, also known as
grid-to-vehicle (G2V) [10]. The charging time is a non-issue, considering that the
charger will be operating with normal charging, where it takes approximately 6-8 h
to fully charge an uncharged battery [11],[12]. The high voltage (HV) battery inside
the PHEV have a voltage charging range between 320-380 V. The duty cycle for the
pulse sequence is assumed to be fixed.

Since the project aims towards designing an off-board charger, a thermal man-
agement system for the power electronic components inside the charger is essential
to study. This is since it cannot have used the cooling system inside the vehicle.
The cooling system will most probably be a heatsink, installed and mounted on the
AC/DC-converter module. The module itself will assumed to have international
protection marking IP67 standard [93]. In this project, robustness and impact re-
sistance are excluded and not prioritized, due to that it is more related to material
design. A construction of a prototype model and measurements are not included in
this project.

The calculations will give an estimated power loss and heat values, since com-
puting a proposed solution involves a lot of work with many choices to be assumed
and motivated. Regarding the transformer in the DC/DC converter, some simplifica-
tions will be conducted. A first size of a transformer core will be selected to proceed
calculations from.

A heatsink suggestion will be presented to illustrate an example of what can be
used. No comparison between different heatsinks will be made, due to the thermal
simulation software offer is limited. Additionally, other cooling implementation will
not be taken into consideration.

Since LTspice offer a limited range of components, it will be difficult to find same
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components from datasheets. Therefore, the selection of components will give an
approximately result. Additionally, the datasheets that are lacking information
will be complemented with values from similar datasheets. The selection of specific
manufactures of the components will not be considered. Conventional hard-switching
technique will be used instead for soft-switching, ZVS (zero voltage switching), since
it simplifies the LTspice simulation.

For the OBC, a controller area network-bus (CAN-bus) communication is required to
start the OBC. Then it is possible to do voltage- and current measurements. However,
this bus communication is not available since there is no laboratory set up, which
means that the OBC cannot be up-started. Thus, no measurements will be conducted.

Considering the size, the data communication system is assumed to fit the size
of future compact off-board charger. Therefore, a narrow investigation will be carried
out to understand what data communication is required for the charger. Depending
on what communication channel is needed, for an example control pilot (CP), prox-
imity pilot (PP), CAN-bus or power line communication (PLC) will decide how the
pin configuration on the DC nozzle interface will look like.

The electromagnetic-interference (EMI) will not be considered. However, the size of
the input and output filters should be taken into consideration as they may have an
impact on the weight and volume. Other circuits that are not a main part of the
converters are neglected. The economic aspect will neither be a priority during this
project. The project will be conducted over a period of five months, thus restrictions
within this project are essential to pursue.
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Method

A literature review of converter topologies were carried out, and necessary informa-
tion and data were collected from related work as well. Furthermore, CEVT provided
this project with an experimental OBC and a charging cable for disassembling and
examination of its components and design.

An examination of the OBC was be conducted to obtain weight and size of the
power electronic components. This aided to make an easier comparison between the
components of the OBC and the selected components for the off-board charger. The
module of the charging cable was a reference size to aim for for the off-board charger.

Since LTspice was not able to measure real power for reactive components and
measure reasonable power dissipation data, calculations were carried out regarding
efficiency and power losses. Simulation models in L'Tspice were created to verify that
these values are reasonable and to obtain data about PF and THD. The switching
frequency was according to standards regulations. The power density was estimated
from the final charger. Additionally, to reduce the size of the components in the
circuit, different topologies of power electronic designs models were investigated.
These topologies were analyzed for various current levels. The first sizing of the
components was done with calculations and later verified with simulation. The most
applicable topology was selected to advance with for further analysis. A comparison
regarding electrical performance, thermal aspects and size was made between the
off-board charger and the OBC.

Decision matrix were utilized to make an informed choice by listing performance
objectives, showing which factors are most important for this project and adding a
weight number. The summation of the weight number and the point system together,
gave the total points for the different subject and could be compared with each other.
The lowest value of the total points is the selected alternative.

In order to obtain the heat and power losses, following steps procedure were con-
ducted:

o Step 1, is to select a general solution and with reasonable components. Calcu-
lations will be based on current level variant 4 A. This will not be included in
the report.

o Step 2, means that more variants are calculated based on formulas and details
from step 1. In this step, power losses and heat calculations will be made.
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These calculations and results are an important part of how a configuration is

chosen.

e Step 3, is to sum up the calculations and values that result from the selected
configuration. Choosing suitable cooling can be suggested and calculated for
the chosen configuration. Finally, a reasonable design can be displayed.

A method of how to design a transformer is shown in Figure 2.1.

Input values

Chose core shape
material, size

) Specifiy core flux Design winding |
density (B) "1 (Key, J, Acu, N)
Find constants to Calblita i
“»| magnetic loss L lossp —
density (Pm)

.

Estimate operating
temperature

Conclude if a
larger core is
needed

No—p

Figure 2.1: Transformer design flowchart.

Based on the selected components, the cooling system could be designed. A heatsink
was designed by hand calculations to obtain the physical size. To analyze if the
heatsink was sufficient enough to reduce the high-temperature levels, a simulation
model was created in Heatsinkcalculator software to observe thermal radiation and
critical temperatures.

By considering the choice of topology, components, size of the cooling system,
including connectors, enclosures etc. the finalized size and weight of the module can
be estimated. The collected information and results were recorded in a thesis report

and was presented at both the company and the university.
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Safety and Sustainability

3.1 Safety

In the recent years, the increase in sales of EVs and various charging methods
has made it easier to charge the EVs in the comfort of people’s own home [14].
Statistically, home charging tends to be popular, especially since it is time-saving
and comfortable. Although, some caution is required when using a charging cable
that comes with when buying the EV, since it might draw more current from the
wall-plug (around 16 A) than the outlet is designed for. This could be due to lack of
educational level on home charging, since a charging cable is included in the deal
of buying an electric vehicle the customer assumes this cable can be safely utilized.
Another reason why the customer chooses to use the charging cable that includes
with the vehicle can be that buying a wall-box is too expensive to invest in [15].
These factors point out that the home-charging is not simple enough to use and can
lead to hazard consequences for the user and others.

Since February 2018, the Swedish government decided to fund home charging
installation of wall boxes (mode 3) by giving cost contribution for each household.
The reason for this is to encourage more people to switch to electric vehicles. Another
reason why people tend to utilize home charging could be simply that it is more
convenient, where schuko outlets are having a vast distribution geographically [16].

However, considering charging for household’s applications, where the customers
directly connect the charger to a wall-socket, entails the possibility for cable fires to
occur, which could lead to fatal outcome. This happens due to that the cables are
not dimension for high power charging during a longer amount of time [14],[15]. To
avoid this hazard, people are encouraged to ensure that they have a valid European
standard wall-box installed in their households. Insurance companies have pointed
out that the household insurance would not cover the damages of the fire if there
was a cable fire with an invalid wall-box installed [14].

Considering the off-board charger, it is feasible to assume that this charger could
utilize the schuko outlets. This is due to fact that it is operating as a low power
charger, which would reduce the load. Thus, the wall-socket is not able to reach
high temperatures, and thereby the risk for cable fires are minimized. This points
out that this charger would be a safer alternative for home-charging applications.
However, even if this charger is not able to reach higher temperatures, it is suggested
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that the shucko outlets must be equipped with a residual-current device that have
the ability to break the current instantly to avoid hazards events from occurring
[15].

3.2 Sustainability

In relation to the sustainability, the power system should endure multiplicity con-
nection to the wall-sockets simultaneously, especially in the evening. This is the
main issue rather than if the amount of power production is sufficient enough to
sustain an operational society with power [17]. One solution could be to implement
smart controllers where the loads are charged at different time points during the
day depending on what needs to be prioritized, for instance, the grid or the vehicles.

Smart control of the power system could ensure that the system is not under
heavy load at the same time. However, a scientist team from VTT Technical Re-
search Centre of Finland, investigated an imaginable scenario if 5 million EVs was
connected to the grid, and concluded a rise of power demand of 3.8 GW was needed
if the smart control was not implemented. If the smart control was implemented,
only 1 GW more of power demand was required [17]. Yet, researchers at Chalmers
University of Technology predicts that this still could be an issue for smaller local
grids, where the transformer capacity may not be enough to supply additional loads
connected.

Simultaneously, while moving towards a renewable energy generation, it is essential
to find resources that can replace coal and nuclear power in the future to achieve
the extra power demand needed for the EVs. A suggestion is to implement unused
charged EVs with bidirectional function, to utilize V2G technique, where the vehicle
can operate as batteries to supply the grid [17]. This could benefit the grid to avoid
a power outage.

This off-board charger, which is a low power charger, would not affect the power
grid to the same extent as an OBC would, as it is a high-power charger. Thus, by
having a lower load for the power grid to handle would likely prevent the grid from
falling into power outage.

Other solutions for the future could be to redesign the current AC grid to a DC
grid, thus the wall-outlets provides DC instead. This grid could provide all elec-
tronic devices including PHEVs to charge directly from the grid. Thus, the power
conversion process within the vehicle or outside the vehicle is not needed anymore,
leading to space-and cost savings for the PHEVs. This would likely put an end for
the development stage for the OBC and the off-board charger, where these would be
considered to be obsolete.
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Theory

This chapter is presenting essential background theory regarding various technologies,
approaches, and implementations to reduce overall size for OBCs. The provided
OBC from CEVT is also presented with function and design specification. These
descriptions will aid to find the most applicable solution for a functioning compact
off-board charger for PHEVSs.

4.1 Plug-in hybrid electric vehicle

A PHEV is a hybrid vehicle that belongs to the electric vehicle (EV) family. It
differs from other EVs since it is equipped with both an internal combustion engine
and an electric motor (EM) in its propulsion system. The battery in the PHEV can
be recharged by being plugged into a power source by using a charging cable. This
cable is either connected to a charging station or power outlet in a household. The
range anxiety that may exist with battery electric vehicles, does not exist with the
PHEVs since they will not run out of power even if the battery is uncharged [18].

4.2 On-board charger

A charger for the HV battery, known as the OBC, is located inside of the PHEV as
a part of an EV’s powertrain. The OBC consist of three main components; AC/DC
converter, PFC controller and DC/DC converter shown in Figure 4.1. Additionally,
some filters are included in the input and the output of the charger to reduce EMI.
The functionality of the OBC is to convert the AC voltage from the supplying grid
to DC voltage to the HV-battery of the vehicle. The stored electrical energy in
the recharged battery is inverted from DC to AC voltage, which is transformed to
mechanical energy via an EM to initial movement of the wheels [19].

] ., s
l 0BC \I
|| acoc PFC bc/pe | | HV || ocac
I Converter Controller Converter Battery Inverter
%

Figure 4.1: The energy conversion system inside a PHEV [20].

An overview of an OBC is shown in Figure 4.2. The AC/DC converter rectifies
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the AC voltage from the power source to a DC voltage, usually integrated with a
Boost PFC converter circuit [21]. The DC/DC converter is isolated to give galvanic
insulation ability, where the DC voltage is transformed to high frequency AC voltage.
Next, this voltage is transferred, controlled and insulated through a transformer.
Finally, the voltage is rectified to DC and remove high-frequencies components from
the voltage [21], [22]. Both AC/DC- and isolated DC/DC converter is supervised by
a controller [22].

DC-link
AC/DC DC/DC _|#
vie (A0 —— converter —
converter y e
isolated
A A
Controller

Figure 4.2: Electric vehicle battery charger architecture [23].

4.2.1 AC/DC converter

The AC/DC converter consists of a Full-bridge rectifier and Boost PFC converter,
where this type of converter has the benefit to provide a low THD for the input
current that includes harmonics, simple converter design and can sustain a moderated
power factor. However, the Boost PFC converter size is increasing in proportion
to the delivered power. This implies that if the high-power output is needed to be
supplied, the converter becomes larger [22].

4.2.2 PFC controller

To achieve a sinusoidal AC output current with minimal-phase-shift between the
current and voltage, it is vital to have an operational control system in the circuit.
This control system is typically a closed-loop control designed as a PI- or PID
controller that is controlling the gate at the switch with PWM signals [24]. The
gate is alternating between on and off mode, to ensure that the inductor current is
reaching the settled reference values. In other words, the PFC controller is forcing
the current to be drawn in phase with the input voltage [25]. Since the error amplifier
inside the controller is operating with a slow pace, it may take a certain number of
cycles of the power line before the resulting output is stable [26].

The controller receives measurements of the output voltage, reference voltage, AC
input voltage, and chopped average inductor current to compare these with their
reference values in order to decide the amplitude and duty cycle of the PWM [24]. If
there is a deviation between the reference value and measurement values, the PWM
signal is modified by adjusting the duty cycle depending on the level of Boost that

11
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is required [24]. This is illustrated in Figure 4.3, where a typical conventional Boost
configuration is showed.

AC J_ DC
Input B I *Q% 9 € T Output

Vac IL
PWM
PFC controller T
IC

Figure 4.3: Receiving and distribution signals from the PFC controller to an
AC/DC converter [27].

4.2.3 DC-link

A DC link, also known as a capacitor bank, is an intermediate stage between an
input stage and output stage. This DC link commonly consists of a capacitor that
is connected between two other capacitors with positive and negative ends. These
stages are connected with each other by this DC link, which is shown in Figure 4.2.
A common input stage is AC/DC converter (rectifier) with PFC circuit, where the
DC link is operating as an output filter to prevent voltage ripple. To diminish the
voltage ripple and improving the PF by reducing the reactive power, it is favorable
to parallel connect several capacitors with a proper dimension [28]. For the output
stage, a converter with switching ability or an inverter is usually implemented. If the
AC/DC converter is operating for high power mode, the capacitance value is as low
as possible to increase the storage capacity for storing energy, while converters with
low power mode, needs to have low capacitance to ensure that the voltage ripple is
not interfering [30].

4.2.4 DC/DC converter

A DC/DC converter is an electrical circuit that converts from a DC value to another
DC value. Specifically, first, the incoming voltage is rectified to a DC, followed by
switching devices that convert the voltage to a high-frequency AC voltage. Then,
this AC voltage is converted back to a desired DC output voltage [30].

Within an OBC, an isolated Full-bridge DC/DC converter is used. This converter
contains a transformer that provides an isolation in high-power applications, which
is in this case important during battery charging. On the primary side of the trans-
former, there are four switches, in this case metal-oxide-semiconductor field-effect
transistor (MOSFET) are used to make a Full-bridge. While on the secondary side,

12
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rectifying diodes are used. This topology can be equipped with zero-voltage-switching
(ZVS), which means that there will be lower switching losses and therefore higher
efficiency [31].

The DC/DC converter design is dependent on different factors such as efficiency,
switching losses, and low stress. These factors need to be considered when creating
a small converter size as possible [32].

4.3 Performance and size

To make the overall design of the charger as compact as possible, it is essential to
reduce the size of the components and maintain high performance. In this case, the
reactive components, inductors, and capacitors are desired to be reduced in size.
This is because their size and volume are the largest inside the power electronic
equipment and filters. In this subsection, it is presented how this can be carried out.

4.3.1 Standard regulations

EV charging applications are obliged to be in accordance with international standards
regulations. These regulations show in what span the electrical performance requires
to be within. For the switching frequency for the PFC, the minimum and maximum
frequency is 70 kHz respectively 150 kHz, before too high distortion is obtained
[33],[34]. For the DC/DC converter, the frequency range is between 140 to 350 kHz
[35]. THD is accordance to EN 50160, where the supply voltage is required to be
lower than 8 % [36]. The PF is desired to be at least 0.9 at full load according to
IEC 61000-3-2 and IEEE-519 [24], [25]. Lastly, the majority of the OBCs have in
general an efficiency of at least 90 % [37], [34]. In Table 4.1, the regulations are
shown.

Table 4.1: Standards regulations for the performance of the electrical parameters.

Parameters | Standard values | Unit
AC/DC fqp 70-150 kHz
DC/DC [y 140-350 kHz
THD <3 %]
PF > 0.9 -
Efficiency n > 90 (%]

4.3.2 Switching technology

For the selection on what switching device to use, MOSFET and insulated-gate
bipolar transistor (IGBT) are investigated since they are both within the correct
range (assumed to be approximately 150-200 kHz, 600 V, and 4-8 A). From Table
4.4, it can be seen that both IGBT and MOSFET is within the right parameters for
this project scope compared with other switch technologies.
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1

Current [ka] 1000 Frequency [kHz]

Figure 4.4: Comparison of semiconductors regarding frequency, voltage and current
[39].

Therefore a comparison between MOSFET and IGBT is shown in Appendix B in
B.3. From datasheets, the components are desired to have low resistance of the
MOSFET as possible, since it will require less cooling [41], [42], [43].

Both MOSFET and IGBT transistors can be used, and in order to select one
of the transistors for this project, a points-matrix was made. The factors that were
considered most important are high switching frequency, temperature, efficiency,
low Rpg(on) and losses at high frequency. Rpgn) is the drain-source on resistance
inside a transistor during on-state. This resistance decided the maximum current of
a transistor. Since temperature and Rpg(on) are linked together, high temperatures
will increase the resistance [44].

The transistor that contains the best out of these factors has been given the grade
’1” and the second best transistor has been given the grade 2’ seen in Table 4.2 [40].
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Table 4.2: Comparison of MOSFET and IGBT [40].

Factors MOSFET | IGBT
High switching frequency 1 2
ZVC benefits 1 2
Higher efficiency at low voltage 1 2
Lower thermal impedance,
D 1 2
hence better power dissipation
Elimination of current tail 1 2
Higher voltage and
s 2 1
current capabilities
Cost at low power 2 1
Losses at high frequency 1 2
Low Rds(on) 1 2
Diode recovery behavior 1 2
Strong gate driver 1 2
On-state losses 1 2
Performance at low power 1 2
Body drain diode 1 2
Can perform fast switching
applications with little 1 2
turn-off losses
Lower conduction loss 2 1
Total point: 19p 29 p

From this table, the MOSFET received 19 p while the IGBT got 29 p, hence MOS-
FET is selected for this project.

A MOSFET is active when supplied voltage is between the source-gate. Not until
then, a drain current is conducting from the drain to source. Typically, MOSFET
mitigate the switching losses since it is able to operate with a high switching frequency

[6].

4.3.3 EMI filters

EMI is undesirable electrical signals, occurring in power electronic equipment due to
frequent changes in both voltage and current [6]. In order to sustain a high-power
quality, the arising EMI equipment needs to be mitigated, which is why it is crucial
to conceal the interference [48]. This is achieved by implementing EMI filters, that
eliminates high EMI by ensuring to decrease high frequency. An EMI filter consists of
passive electronic components (inductors and capacitors) that mitigates and increase
the resistant against interference for the devices that need to be shield [48]. A basic
EMI filter can either be configured as m-filter, L-filter or T-filer [49]. A typical EMI
filter for single-phase system is shown in Figure 4.5 [51].
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Figure 4.5: EMI filter for single stage power supply [39].

EMI filters can be designed to handle two types of noises: common mode (CM)
and differential mode (DM) interference [51]. The capacitors C1 and C2 seen in
Figure 4.5 is suppressing DM noise, known as the DM filter, while L1, 1.2, C3, and
C4 are mitigating the CM interference, known as CM filter [50]. CM noise is the
measurement of voltage or current between the ground and power lines, while DM
noise is the measurement of voltage or current between the power lines, either as
line-to-line or line-current [6].

The size of the filter can be decreased by increasing the switching frequency. However,
this reduction is only true of the DM filters, meanwhile, the CM filters are slightly
increased [52]. Furthermore, the inductor chokes can be mounted on the top of the
filter capacitors in order to save space on the circuit board [53].

For the off-board charger, it is assumed that two EMI filters are included. Since
EMI is not investigated, it is not possible to conclude how many filters are required.
Thus, in order to include possible weights from the filters to the AC/DC module,
this assumption is made [37], [34], [38].

4.3.4 Switching frequency

According to an IEEE article, an experimental attempt was made to make a compact
high efficiency 3.3 kW OBC. The switching frequency was selected to 70 kHz for
a PFC circuit and 200 kHz for a ZVS Full-bridge DC/DC converter [34]. For the
PFC circuit, 70 kHz was selected to fulfill the EMI regulations, which implies that a
switching frequency should be below 150 kHz. For the DC/DC converter, a switching
frequency of 200 kHz was selected to ensure that the losses are minimum at full
performance of the OBC. This is based according to Figure 4.6, where the ratio of
the efficiency and output power is shown for an output voltage of 300 V [34]. This
is reasonable to assume for this project since the HV battery requires an operation
range of at least 320-380 V in order to charge.
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Figure 4.6: Output power from the DC/DC converter in relation to the efficiency
at various switching frequency levels [54].

As shown in Figure 4.6, the efficiency is increasing with higher frequency, and
increasing further with higher power output from the DC/DC converter. However, a
too large switching frequency is undesirable to use since the inductors- and capacitors
components are manufactured within a limited range of size [4].

With the case of the off-board charger, it is suggested to use a switching frequency
of 150 kHz to reduce the components size for the PFC circuit. Since this project
is about to design a low-power charger, an output power range between 800 W
and 1200 W is more appropriate to expect from the DC/DC converter, seen in
Figure 4.6. From this range, 900 W is selected for further research. Considering the
switching frequency, a too high frequency would lead to higher switching losses in
the switching devices. Therefore, a frequency of 200 kHz is selected to obtain a high
reasonable efficiency of 92 %, avoiding too large losses and ensuring that the size of
the components is reduced.

4.4 Power factor correction

In order to obtain the highest power quality while designing AC/DC converters, it
is fundamental to establish a reasonable PF and THD, that follows international
standards. PF is described as the ratio between real power (P) and the apparent
power (S), or as if there is phase-shift between a sinusoidal current- and voltage
waveforms, the equation can be expressed as [55].

PF = ]; = Ky x K. (4.1)
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With a phase shift, the cosine of the phase angle between the current and voltage

is established. This known as the displacement factor Ky = cos(®). The second

Ipnms

@ " determines how sinusoidal the waveforms

parameter, distortion factor Ky = oo

is [7].

Since the real power is the transferred component, the reactive power (Q) must be
as low as possible. This would give PF closer to 1.0, known as unity, where the
active power is equal to apparent power. A sinusoidal current and voltage that are
in phase with each other imply that PF is close to 1.0 [24]. This is known as a linear
load. If the waveforms are sinusoidal but not in phase, the PF is not equal to 1.0
[55]. This is known as non-linear load [58]. This is illustrated in Figure 4.7, where
the current spikes representing harmonic currents.

Vac A Vac A

IEIC IEIC

)
-

Figure 4.7: Illustrating the voltage- and current characteristics waveforms by not
having a PFC to the left, and by having a PFC [59].

In order to reduce the distortion and ensure that the input current is in phase with
the input voltage, known as a resistive load, a power factor correction (PFC) is
needed. This would improve the overall power quality, where reduction of current
harmonics, low output voltage ripple, increase efficiency, multiple output voltage
levels, fast output dynamics and good load regulation. PFC is also a require-
ment within AC/DC-converters according to international standards, such as IEC
61000-3-2 and TEEE-519 [55]. For a power supply with PFC, the PF is expected
to be between 0.95-0.99, while a power supply without PFC has a PF of 0.70-0.75 [60].

THD is defined as the level of distortion at the input current in this case shown as

[6]

1
THD; =100% X | — — 1 (4.2)
K
Considering a linear load in equation 4.1, thus Ky=1, gives PF' = K. This implies
in

PF— ! (4.3)
1+ (THD)?

18



4. Theory

Since PF is linked to the total harmonic distortion, an increase in THD will result in
a decrease in PF. This is not desired since harmonic distortion can cause damages to
cable, create overheating, circulating currents, fire risk, equipment malfunction and
component failures [57].

4.4.1 LT1248 - PFC controller

The IC L'T1248 is a universal controller with power factor correction. It can regulate
to a maximum power of 1500 W and is able to operate in both continuous conduction
mode (CCM) and discontinuous conduction mode (DCM) [61]. An overvoltage
protection circuit is located at pin 8, where the output voltage is decided based on
the equation as follows

R1 + R2> (4.4)

‘/out - V;“ef X ( R2

where Vs is the reference voltage, set as 7.5 V for this IC. The schematic model of
the L'T1248 in L'Tspice is shown in Figure 4.8.
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Figure 4.8: Schematic of L'T1248 PFC controller in L'Tspice.

It has maximum switching frequency of 300 kHz internally. At pin Rset and pin
C'set of the IC, the switching frequency can be determined. Since the switching
frequency is equivalent to the oscillating frequency, it can be calculated according to
the forumla

PR
*  Rspr x Cspr

where Rgpr is the the set resistor and Cspr is the set capacitor [61]. These values
are selected from a frequency graph found in the datasheet for this PFC.

(4.5)

For this project, several IC designs were considered, but since this PFC controller
had the highest maximum output power, this controller will be selected for the
LTspice simulation.
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4.5 Topologies

Different topologies for both AC/DC and DC/DC circuits are presented and one of
each is selected for this project.

4.5.1 AC/DC converter with PFC

To access an overview of some different common (active) PFC topologies, such as the
Classic Boost PFC, Dual Boost PFC, Totem-pole Bridgeless PFC and Interleaved
Boost PFC, a few of their characteristics are presented in Appendix B in Table B.5.

In order to decide between what PFC topology to use in the off-board charger,
a comparison table of characteristics between different PFC topologies is made.
From the most important factors like the number of components and suitable for low
power rating, the classic Boost, and Totem-pole Bridgeless PFC are both selected
for further investigation.

Furthermore, to be able to select an optimal PFC for this project, a compari-
son between only classic Boost PFC and Totem-pole Bridgeless PFC is made, which
can be seen in Table 4.3. From the table, some of the factors have been given higher
priority such as the number of components being used, efficiency and power rating,
marked with a *.

In Table 4.3 there is a point system, where the grade "1" means the best char-
acteristics and the grade "2" means secondary.

Table 4.3: Comparison of Classic Boost PFC and Totem-pole Bridgeless PFC.

Factors/Topology (PFC) Weight ]gii)s:tl ¢ g?;g;lgssle
Low EMI 1 1
Power rating *
Number of components
Efficiency *
Switching losses
Inherent ZVS
High frequency noise
Simple control
Cost
Common-mode interference
Can use Si, GaN, SiC
(or only possible with GaN or SiC)
Total 16

*

PRI NN -

N NN N | = = = =] =

—_

—_
ot

The total points when looking at these factors are shown in Table 4.3, where it is seen
that the Totem-pole receives the lowest amount of points, which is the preferable one.
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However, the score is even between the classic Boost and Totem-pole. Therefore,
simulation and calculations regarding the electrical performance of both Boost and
Totem-pole will be conducted.

However, with an additional weight of "x2” at the prioritized factors marked with
stars, the total scoring becomes 21 points for Boost and 18 points for Totem-pole.
Thus, if other selection methods between these two typologies are not conducted,
Totem-pole is selected.

The classical Boost PFC is one of the most common PFC application on the market.
It can receive a peak line voltage between 0-375 V, and provide an output voltage
of more than 380 V. It is equipped with a Boost inductor after the rectifier bridge,
which generates a continuous smooth current. This gives the benefit that no more
filter is required to be implemented, thus, lower cost for the topology [45]. The
circuit design for the AC/DC converter with Boost PFC topology is shown in Figure
4.9.

|=| P

DS
o1 A 02 A

8 *

Vac l:: 5; _Q:E} Ce =|% RL§ Vo
D3 A D4 A

Figure 4.9: AC/DC converter with Boost PFC configuration [66].

Compared to the Boost PFC, the Totem-pole PFC have fewer number of components
and low conduction loss [67]. Additionally, it provides a higher power density, higher
efficiency and low CM noises [68]. For the PFC operation, the Totem-pole is active
during the positive half and negative half cycles of the AC input waveform. The
current flow is adjusted by determining the switching frequency for the transistors.
The AC/DC converter with Totem-pole PFC topology is shown in Figure 4.10.
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+
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Figure 4.10: AC/DC converter with Totem-pole PFC configuration [66].

Operation mode

It is required to select an appropriate operation mode to calculate values for the
components in the selected PFC. Hence a comparison has been conducted between
the operation modes CCM, critical conduction mode (CrM) and DCM which can be
seen in Appendix B in Table B.4.

To select an operation mode to use, a comparison points-matrix was created. The
factors that were considered most important are stress on components, losses, low
di/dt, these factors are also marked in the weigh column with a . The grade ‘1’ in
Table 4.4 represents the mode with the best abilities for the different factors.

Since the DCM operation mode has the highest peak current compared to both CCM
and CrCM without any major advantages over CrCM, as shown in Appendix B, the
comparison will be between CCM and CrCM in Table 4.4 [69]. A weight ‘<2’ has
been added to the most important factors shown with(x) in Table 4.4.
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Table 4.4: Comparison in operation modes [69)].

Factor Weight | CCM | CrCM
o 1 (easier
Switching frequency * to( filter) 2
Switch stress * 1 2
Inductor stress * 1 2
Diode stress * 2 1
Losses N 1 9
(at medium-high power)
Cost 2 1
Large inductor value * 2 1
Low energy 2 1
Performance 1 1
Power saving
2 1
(low power)
Improving power 9 1
density (low power)
Low di/dt,
can red/uce EMI * ! 2
Turn-on losses 9 1
(with MOSFET)
Total points: 29p 30p

As shown in the table, the total points were even, where the CCM received 29 p
while the CrM collected 30 p. From Table 4.4, operation mode CCM is selected.

4.5.2 Material

With the selected transistor to be MOSFET from Table 4.2 and the selected operation
mode to be CCM from Table 4.4, there will be turn-on losses to take into consideration.
To avoid too high losses, a low value of the reverse recovery charge (Qrr) is needed.
Hence to obtain a low-value Qrr, ultra-fast diodes or silicon carbide Schottky diodes
can be utilized at CCM mode [45]. Ultra-fast diodes improve the efficiency and
can be implemented in AC/DC conversion equipment [46]. Schottky diodes are
commonly used for hard-switching implementation and EV applications [47].

4.5.3 DC/DC converter

The majority of OBCs on the market are equipped with a Full-bridge converter
configuration for the DC/DC converter stage [34], [74], [37]. Thus, the DC/DC con-
verter for this project is investigating the Full-bridge. Furthermore, the Half-bridge
topology is also analyzed since it might have a less impact on the size and weight.

There are two types of Full-bridge converters, Full wave bridge rectifier and Full

wave center tapped rectifier. The main difference is that the Full wave center tapped
has a bulky center tapped transformer, which is also costly. Therefore, the full wave
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bridge rectifier is preferable to investigate since it is smaller in size and less costly.
From here on out, the Full wave bridge rectifier will be referred to as only Full-bridge
converter [75].

A Full-bridge converter consists of four switches and four diodes, divided into
two legs, shown in Figure 4.11 There are two switches on one leg and they do not
conduct at the same time. However, to avoid short-circuit on the DC input, the
switches are turned-off during a short ‘blanking’-time. If ideal switches are assumed
then the switches are not turned-off simultaneously [6].

T1

BEBF ok of
T | 318 -T2

Figure 4.11: Isolated Full-bridge DC/DC converter [39].

The Full-bridge converter is designed with four switches, where the switch pair T1
and T2 are switched on together and T3 and T4 are then off until they shift. The
Full-bridge converter also has an electrically isolated transformer. Some advantages
and disadvantages for this Full-bridge converter are presented in Table 4.5

Compared to the Full-bridge, the Half-bridge DC/DC converter only has one leg
with two switches and two diodes or capacitors. This is illustrated in Figure 4.12.

= &% of of
g -7 3
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Figure 4.12: Isolated Half-bridge DC/DC converter [39].
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The capacitors C1 and C2 are arranged to create a voltage potential point. For the
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switches, T3 and T2 are operating separately from each other. The diodes connected
in parallel from the switches are used to protect the switches [6]. The advantages
and disadvantages of the Half-bridge are listed in Table 4.6.

Table 4.5: Advantages and disadvantages of the Full-bridge converter [76],[77],

7).

Full-bridge DC/DC converter

Advantages Disadvantages
Utilized for high power applica- | High number of components is re-
tions (>1kW) quired.

The output voltage of a Half-
bridge is twice as large, giving
higher power rating. This gives
the possibility to reduce the num-
ber of windings as well, and yet
remaining with the same output
voltage.

Less economical alternative, in re-
lation to high conductive losses if
this converter is operating for low
power rating.

Utilizing four diodes to rectify
and polarity change the incoming
wave.

Higher losses than the Half-bridge
converter, due to it have more
switches components.

An efficiency between 90-98 %.

More voltage ripple than a Half-
bridge.
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Table 4.6: Advantages and disadvantages of the Half-bridge converter [76], [77],

7).

Half-bridge DC/DC converter

Advantages

Disadvantages

Utilized for high power applica-
tions (250W - 1kW).

At the DC bus, the supply poten-
tial is half-sized, thus the output
voltage is reduced. This implies
that the current needs to double
to obtain the same power output.
Thus, the transformer core needs
to be large.

Air gap of the magnetic path is
not needed.

Current mode control is not appli-
cable for this converter.

Cheaper and simpler to design.

Two capacitors connected in series
are required at the input of the
bridge and needs to have a large
design due to the capacitance is

halved.

Lower switching losses than the
Full-bridge converter, due to that
it has fewer switches components.

Since only two transistors are op-
erating, they are required to han-
dle twice as large conducting cur-

rent, resulting in high losses.

An efficiency between 88-96 %.

Since a comparison between different output power from 900 W, 1300 W and 1700
W are conducted, both Half-bridge and Full-bridge may theoretically be suitable
candidates for external charger application. Simulation and calculations of both
Full-bridge and Half-bridge will be conducted to analyze which one is most preferable
to utilize.

4.5.4 Number of components

To see the difference clearer between the number of power electronic components
used for the selected topology circuits, a list is summarized in Table 4.7. The Boost
and Totem-pole circuits represent the selected AC/DC converters, while Full-bridge
and Half-bridge represent the selected DC/DC converters. EMI-filter components
are not included in the list since they will be included in the final topology selection
for all cases.
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Table 4.7: The number of power electronic components in the selected circuits.

C(()jrlrf;:)l;f(jr/l ts I;)lg(ée Inductor | Switch | Trafo ]?iliz)(ilgez- Capacitor | Total
Boost 1 1 1 0 4 1
Totem-pole 0 1 2 0 2 1
Half-bridge 0 1 2 1 4 3
Full-bridge 0 1 4 1 4 1

4.6 Cooling implementation

In this project, the off-board charger needs a cooling system to reduce high tempera-
tures generated at the heat loads. This cooling system should have a size that can be
encapsulated into the ‘module of the charging cable’ structure. Since the structure
is enclosed, it might be difficult find a balance between having an efficient thermal
management system and simultaneously prevent dust and moisture from infiltrating.
The aim is to find a cooling system for a sealed or semi-sealed module [79]. The
cooling system that is used in this project is natural or convection cooling, where
the heat is transferred by air flow.

To use the natural air flow efficiently, there is a need to add vents to the en-
closed electronic equipment including a cooling fan. To prevent dust contamination
while using vents, air filter units can be used [81]. A filter is necessary to use
since dirt and moisture in combination can become conductive and thus can cause
intermittent operation. For high power applications, convection cooling may not
be practical to have due to the cost and size required. However, for this project it
might be appropriate to implement cooling channels or pipes where the incoming air
can be equally distributed over the module.

An alternative to this could be to transfer the heat from the components to outside
of the enclosed module. This can be achieved by using a heatsink as a roof of the
charger module, that transfer and remove the heats. The high temperature producing
components ought to be mounted directly in contact with the heatsink and evenly
spaced to make the heat transfer as efficient as possible. An idea for a starting point
with an enclosed module is shown in Figure 4.13 [82].
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Internal — hot side

External — cold side

Airflow / /
7 1

Heatsink
Electronic
components
| Iw
U Fan
Airflow

Figure 4.13: Sealed module enclosed with thermoelectrically enhanced heat rejection
[80].

4.7 OBC from Geely Group

A specific OBC, named Geely 8888003014 G BQS8AA, was provided by CEVT for
this project. This OBC was designed in 2017 by Geely Group and assembled here in
Sweden. However, at the moment, a new model is under developing stage and is
scheduled to be complete in 2018, where this model includes equivalent electronic
components as in the 2017 model. The circuit board for the data communication
system inside the OBC is manufactured by Kongsberg Automotive [37]. In Figure
4.14, the physical OBC is shown.

Figure 4.14: OBC Geely 8888003014 G BQ8AA from a PHEV.

4.7.1 Design specification

According to design specification of the OBC, this battery charger is a 1-phase 3.4
kW charger for PHEVs, where the power electronics and cooling system are packaged
in a 4 liter metallic module. This gives a total weight of approximately 4 kg [37].
The maximum current rate of 16 A can be received from the grid to the OBC. For
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protection against environmental contamination, IP67 and IP6K9K standards are
implemented into the shield design. The design specification for the OBC is listed in

Table 4.8.

Table 4.8: Design specification of OBC - Geely 8888003014 G BQS8AA [37].
Specification Values Units
AC input voltage range 85-264 Vac
AC input frequency range 44-65 Hz
AC input current 2-16 A
DC output voltage range 200-410 Vdc
DC output power 3.4 kW
PFC - switching frequency 98.3 kHz
DC/DC - switching frequency 98.3 kHz
Efficiency 92-94 %
PF > 0.99 -
Power density 1 kW /kg
Dimension (H x W x L) 6.8x19.2x255| cm
Weight <4 kg
Volume 3329.28 cm?
Ingress protection P67 -

4.7.2 3 separated connectors

In order for the OBC to operate properly, there are three separated inbuilt connectors.
These connectors are one AC connector, DC connector, and LV connector. The AC
connector receives the incoming power from the charging cable, supplied from the
AC grid, which is plugged into the power outlet. The DC connector delivers the
converted DC power to the battery inside a PHEV. The LV connector receives and
sends signals channel through a communication CAN-bus between the battery and
the charging cable to establish sufficient and correct current level for the battery
[37].

4.7.2.1 AC connector

The AC connector consists of five input pins. PIN1, PIN2, and PIN3 are corre-
sponding to L1, protective earth (PE) to the chassis of the vehicle and neutral (N).
Between the one single-phase conductor L1 and the neutral connector, receives up
to 230 V. PE is the protective earth that protects equipment and people. PIN4
and PIN5 are interlocked connections that receive 15 mA. These connections are
implemented for safety measurements, to ensure it is only possible to charge when
there is a connection between the cable and AC connector at the electrical vehicle
inlet (EVI). It has a weight of 103 g [89]. The pin-configuration for the AC connector
is illustrated in Figure 4.15 [37].
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PIN4

PINS

Figure 4.15: AC connector with pin-configuration [37].

4.7.2.2 HVDC connector

The DC output consists of four output pins. PIN1 and PIN2 are corresponding
to DC+ and DC-, where it is supplying between 200-410 V output voltage for the
HV battery. Similar to the AC connector, the DC connector is also having PIN3
and PIN4 as interlocked connections. It has a weight of 106 g [89]. In Figure 4.16,
illustrating the pin-configuration for the DC connector [37].

Figure 4.16: AC connector with pin-configuration [37].

4.7.2.3 LV system connector

The low-voltage (LV) connector receives and sends signals through a communication
CAN-bus between the battery and the charging cable. This communication line
is established in order to ensure sufficient and correct current level is delivered
to the battery to avoid any damages to the battery. In regard to safety aspects,
other signals are being sent to locking the engine during charging process [37]. This
connector has a weight of 82 g [89].

4.7.3 Circuit diagram

According to the available documents from CEVT, the OBC is suggested to have a
typically HV board architecture. This architecture is constructed with an AC/DC
converter with interleaved PFC circuit coupled together with an isolated Full-bridge
DC/DC converter. Both the interleaved PFC circuit and DC/DC converter are
having a switching frequency of 98.3 kHz. Additionally, various type of filter is
implemented at the front and end of the charger to mitigate the level of occurring
ripples and thereby establish a higher level of power quality. A schematic diagram
of the OBC is shown in Figure A.1 Appendix A.
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4.7.4 Data communication

In order for the charger to know when the battery is fully charged or needs to be
recharged, a data communication line is required between a vehicle and power supply
station. At present, the connector is equipped with two separated communication
contacts: CP and PP. A CP is used for transmitting significant information using
pulse width modulation (PWM) signals, while PP ensures that the engine startup
sequence is deactivated, the cable is attached to the EVI, and maintaining ampacity
during the complete charging process [83]. Ampacity is the maximum rated current
that is conducted through a cable to withhold a safe temperature level [84]. Both
CP and PP detects if the cable is attached to the vehicle, and are being transmitted
through the EVI. The return signals back to the charger is going by the PE. When
the battery is fully charged, the charging process is aborted inside of the vehicle and
release the connectors by a break apparatus [37].

Depending on the geographic location in the world, the configuration arrangement of
the connector has different styles to benefit the market and customers. CP and PP
are often arranged symmetrically from each other either combine with the phases.
For single-phase function, CP and PP are combined with L1, N, and PE, and for
single-and three-phase as L1, L2, 1.3, N and PE [85]. In Table 4.9, the different
configuration arrangement is described, where GB is a Chinese abbreviation for
Guobiao and CCS stands for combined charging system [85].

Table 4.9: Type of connectors with configuration arrangement of the contacts [86].

Mode/type | Type 1 (US | Type 2 (EU) | GB (China) Japan
AC ISE;A(?6J21179762—Q IEC 62196-2 GB Part 2 | IEC 62196-2
DC Tesla US Tesla EU %%g;f ; 6% ?EI){ (€}6d2ell\9/[6??{

(ACEDC) | mcamns | O 021963

4.7.5 Operation of OBC

The OBC Geely 8888003014 G BQ8AA follows a specific operation pattern before,
under and after the charging process. This is regulated and controlled by the micro-
controller unit (MCU) SPC560B54L3B4E0 located on the low voltage board system.
This operation pattern is shown and listed as following [37]:

1. Charging system is blocked when the propulsion system (electrical- and com-
bustion engine) is running,.

2. Propulsion system is blocked when the charging system is about to charge.

3. Data communication through the EVI, where CP and PP detect if the charge
cable is attached to the vehicle. If the cable is attached, OBC will wake up
from it sleeping-mode and begin to perform CAN communication with the HV
battery.
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10.

11.

12.

The OBC receives essential data, maximum voltage, and current limitation,
from the HV battery. This is done to know how much generation the OBC is
allowed to produce and to avoid any damages on the battery.

. While the CP and PP limit the maximum current from the AC grid.

As soonest the levels from the grid and HV battery are verified, the motor is
locked and cannot be ignited. Simultaneously, the cable is attached to the
vehicle. At this stage, the LEDs in the EVI illuminates yellow.

. Through the EVI, OBC updates the charger with previous status information

if the cable connected, charging rate, error etc.)

. When PP, CP and AC voltage from the grid is approved, a digital signal

processor (DSP) inside the OBC activates the charging process with a signal.
Now, the LEDs in EVI illuminates with green lights

Through a CAN communication, the vehicle dynamics domain master (VDDM)
permits for unlocking the cable from the vehicle and abort the charging process.
As soon as the cable is detached from the vehicle, the motor is being unlocked,
and the propulsion system can be ignited again. LEDs in the EVI illuminates
with yellow light.

When the cable is unplugged from the EVI, the LEDs illuminates with white
light.

CAN Communication from the OBC begins to cease, and goes back to sleeping-
mode.

4.7.6 Heat losses

The only measured data over the thermal losses for the OBC as a component itself
was available. These data are presented in Table 4.10, where the efficiency from the
OBC for different currents ratings is presented. The rest of the efficiency are thermal
dissipation. This is measured with a 230 V (RMS) and 50 Hz supply as an input.
The output voltage is selected to be 375 V since this level is close to the battery start
charging point, 380 V. For this output voltage it requires a cooling temperature of
40 °C. As shown in the table, various input current and output voltage ratings affect
the amount of heat dissipation. By having a higher current, leads to that lower heat
losses are obtained. Vice versa, by having a lower current- and voltage rating gives
higher heat losses [87].
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Table 4.10: Efficiency and power dissipation of the OBC with various currents.
These data was measured with a cooling temperature of 40 °C [87].

Input current [A] | Output voltage [V] | Efficiency [%] | Dissipation [%]
2 375 88 12
4 375 92 8
6 375 93 7
8 375 93 7
10 375 94 6
12 375 94 6
14 375 94 6
16 375 94 6

4.7.6.1 Transformer losses

According to a test report from 2016, the highest power losses occurring internally
of the OBC is located in transformer [88]. These losses are generated by listed as:

e DC losses
e Skin effect losses

o AC losses due to proximity effect

These parameters are based on winding losses in transformer shown in Figure 4.17.

Winding losses at 100 kHz
T T

T
I 0 +skin efiect
1 Proximity eflect

20

Plosses [W]
i
I
T

-
(=1

310 330 350 ara 380 410
Voltage V]

Figure 4.17: Losses in the winding in transformer at 100 kHz [88].

The Litz wire is assumed to have 32 strands, giving a cross section of 1 mm?. It
should be noted that transformer is provided with thermal interface material near
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the surface of the transformer and capacitors [88].

4.7.7 Weight and volume

From a datasheet about assemblies and materials related to the Geely OBC, in-
formation about power electronic components serial number, quantity and their
weight was given [89]. However, the given datasheet is not the latest version, which
suggests weight and size estimation needs to be conducted for each power electronic
component inside the OBC. Their weight and size are described in subsection 5.1.2.

For the off-board charger, the weight and volume of the components are being
estimated based on data from datasheets. These components will be compared with
the components from the Geely OBC.

4.7.8 Thermal management

In order to reduce heat losses occurring at the heat loads, such as combustion engine
inside the vehicle, requires a thermal management system. This type of system
typically uses liquid cooling through pipes which is highly effective in removing heat
dissipation. This type of cooling system is also implemented in PHEVs, where one of
the heat loads is the OBC. The cooling system for the OBC is shown in Figure 4.18.

Figure 4.18: Back side of OBC, where the cooling system is equipped with cooling
pipes mounted to remove heat dissipation from the components.

The cooling system has an estimated weight of 893.11 g. The heat load or charging-
load is the only load occurring during the charging process when the vehicle is not
moving, it implies that the drive-load can be excluded. To avert higher volume and
size of the cooling system, one single heatsink may be sufficient to utilize for both
loads [90].

In order to protect the OBC from environmental contamination, such as rain,
dust, and sand, it is packed inside an impenetrable enclosure. To ensure to avoid
high temperatures that are damaging the OBC, the walls of the enclosure is con-
nected to the heat loads to diverting the heat to the outdoor air. Additionally, while
selecting the insulation material to the walls of the enclosure, it needs to have a
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tolerable range for the electrical insulation and thermal conduction [90]. Considering
an OBC with a charging rate of mode 1, delivering an efficiency of approximately 94
% with a power dissipation of 250 W [90].

In relation to this project, water cooling pipes is not an option since the charger will
be outside the vehicle. Therefore, a heatsink implementation would be used. If a
heatsink would not be sufficient to reduce high-temperature levels, air cooling in
combination with a heatsink is another alternative to utilize.

Additionally, to reduce the thermal further and saving weight for the OBC, heat
pipes can be scattered over the base of the heatsink. This transport and condense the
heat towards the flanges of the fan, and simultaneously increasing the power density.
Installation of a liquid cooling plate for the power electronic devices can mitigate
the temperature lower. These plates are often customized in regard to the power
density, heat loads, and type of material that is selected. The heat loads are often
transmitted over to the protected package where the heat is highly concentrated
[90].

The pad size of each component on the printed circuit board (PCB) of the heatsink,
is recommended to be larger than the component itself [34].

4.8 Charging cable from Mennekes

The mode 2 charging cable for EVs, designed by Mennekes, is produced to be utilized
as an emergency charging cable only. An emergency scenario could be if there is
no accessible charging infrastructure. For this reason, it is not designed to operate
as a permanent charger for the load, compared to a charging station, which is a
continuous load and is in accordance to the IEC 61851-1 standard [91]. The length
of the cable is approximately 4 meters long [92].

The charging cable is connected to a certified commission for conformity testing of
electrical equipment (CEE) wall sockets or households. To avoid high temperatures,
the cable is equipped with a module, where an integrated heat-tracking device is
included to ensure the cable itself, vehicle nor battery get damaged [91], [92]. When
the temperature is too high, it breaks the current and thereby the charging process.
As soon as a reasonable temperature level is reached, the charging process is initiated
again. The module of the charging cable is presented in Figure 4.19.
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Figure 4.19: Charging cable with control and supervision module.

Since it is connected to a power outlet, it is using single-phase operation, where the
delivering current rate is having an adjustable range between 4-8 A. Considering
the robustness of the cable, it can withstand a weight of 500 kg. One important
safety feature, it is only operating and delivering power to the vehicle when it is
connected properly to the EVI. In relation to contamination protection, it has an
[P67 standard, implying it is fully dust protected and waterproofed [93], [91]. These
design-specification is summarized and presented in Table 4.11.

Table 4.11: Design specification of Mennekes charging cable [92].

Mennekes charging cable with Mode 2 charging for EVs
Protection IC-CPD 1 protection (IP67)
AC grid Single-phase operation, 230 V, 50 Hz, 30 mA
Delivering current rate 4-8 A with maximum 8 A
Dimension (H x W x D) 5.2 cm x 24.0 cm x 10.0 cm
Temperature range: -32< Ty < 40 C°

This module from Mennekes will be used as a reference design, where the aim is to
design a module with similar dimension for the off-board charger.

4.9 Thermal calculations

4.9.1 Power losses

In this subsection, the loss calculations will be discussed in more detail supplemented
with relevant equations [69].

Diode
To calculate power loss for the input rectifier diode bridge, the following equations
are needed

Pconduction = VF X Iavg (46)
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where the value of the voltage drop Vr is obtained from datasheet.

The switching loss of a diode can be calculated by

Pswitching - (Eon + Eoff) X fsw ~ Eon X fsw (47)
where F,, is the energy during on-state and F,ss the energy during off-state.

The E,, can be known by using
E,, =0.25 x QRR X VR (48)

where (Qrp is the reverse recovery charge, Vi is the reverse recovery voltage.

By adding the conduction and switching losses together, the total diode loss becomes

Ploss — Iconduction + Pswitching- (49)
Duty cycle
The duty cycle for Boost and Totem-pole is calculated by
U, —U;
D="-"2_"" 4.10
- (4.10)
The duty cycle for Half-bridge converter is
UO X N1
Dyur=——+ 4.11
Heatl Uin X Na ( )
and the duty cycle for Full-bridge converter is calculated as
UO X Nl
Dpy = ———— 4.12
Full = 11 % Ny x 2 (4.12)

where N1 and N2 are the numbers of turns on the primary and secondary side of the
transformer [6].

Transistor
The conduction losses are expressed as

Pconduct'ion - RDS,on X [d02 x D (413)

where the Rpg,, are the drain-source on-state resistance, the I is the dc current
after the rectifying diode bridge and D is the duty cycle.

The switching loss is calculated by

Pswitchmg = 0.5 x V:ic X Idc X (tr + tdon + tf + tdoff) X fsw (414)
where t4,, is the delay on time and the t,;, is the delay off time from datasheet [94].

The total loss will then become

Ploss = Fconduction 1 Pswitching- (415)
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The gate drive loss and turn on loss are neglected since their values are small.

Inductor
The inductor losses are calculated according to the equation

Ploss - Pcore + PDCR + PAC’R (416)

where the ACR is the AC resistance of the inductor and the DCR is the DC resis-
tance of the inductor. The Pscr and Ppcogr are the wire loss caused by AC and DC
resistance. The DCR value is taken from the datasheet, where the core loss and
Pycr are low and therefore will be neglected [157]. The Boost inductor losses are
calculated based on a design guide of a Boost PFC converter [69].

The inductor current I, gy is calculated by using the CCM boundary condition

AT
I rRus > > (4.17)
where the current ripple is
VL x D
Al = . 4.18
L X fo ( )
To obtain the inductor current can now be found
AT
It rvs > T (4.19)
The inductor copper loss can be calculated by using
Ppcr = Prew = I rius® X DCR. (4.20)
Capacitor
When calculating the DC-link losses, the reactance value is first needed
X, = ! (4.21)
C2X T X fu x CF '
Then equivalent series resistance (ESR) can be calculated
ESR = tand x X, (4.22)

where the tand is taken from datasheet. Now the losses can be calculated using

Ploss = Ico,RMS2 x ESR (423)

where I., pis is the RMS output capacitance current [69].

Transformer

Inside the transformer, there are iron losses, copper losses, stray losses and dielectric
losses. The copper losses consist of skin effect, proximity and frequency components.
The skin effect is the current at high frequencies that is concentrated near the surface
of the conductor. While the proximity effect is when the current in an conductor
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influence other currents [99],[96]. At higher frequencies, the skin effect and proximity
effect increases [96].

Iron losses include both eddy and hysteresis losses. Since high frequencies are
used, the material that is best suited is ferrites. Ferrites are a combination of
iron-oxide (Fe203) and metallic materials, such as Zinc. If ferrites are utilized, then
the eddy losses are neglectable [6]. Furthermore, hysteresis losses or core loss is the
consumed power from altering the direction of the BH-curve, it is dependent on
the core material and the frequency used. B represents the flux density and H is
the magnetic field strength. Moreover, the dielectric losses can occur in the solid
insulation. When the solid insulation takes its toll on the quality or gets damaged
the efficiency of the transformers gets worse. Finally, stray losses are the stray
inductance that occurs when leakage field is presence. Stray inductance losses are
very small compared to the major losses hysteresis, and copper, it will be neglected
[98].

In the following segment, the transformer power losses equations will be presented,
where most of the heat is generated are from the transformer, transistors and diodes.

The number of turns is obtained by first calculating the turns per volt that are
needed

1
444 X foy X B, x A,

where T, is ﬁ, Vina is induced voltage. The 4.44 represents a sinusoidal waveform,
A, is the core area and the B,, is the maximum magnetic flux density [100].

T. [Turns/Volt] (4.24)

Thus the number of turns in primary winding is given by

Ny =T, xV, (4.25)

where V), is the voltage in the primary winding.

The skin depth (d) is calculated in order to see how large area of the wires should be
designed when considering the skin effect. The skin depth is calculated by
1

d= 4.2
\/ﬂ'X,UOXO'stw ( 6)

where 11 is the permeability in vacuum and o is the conductivity in copper [6].

The window area is the amount of space that the wireg,,qe can fit inside the
core. This area is calculated as

Ay = by X hy, (4.27)
where width b,, and height h,, are selected from the datasheet.

The maximum area that the copper wire was dimensioned for, is obtained with

39



4. Theory

key X A
Acyrmar = ——— "2 4.28
s = NN (4.28)

where k., is the copper fill factor [6]. The copper wire area of the winding should be
less than Acy maz-

The core girth of the transformer is defined by

Girth = Deyre X (4.29)

where the diameter D,,,. is taken from datasheet.
The length of the wire was calculated as

L = Girth x (N, + N,) (4.30)

where L is the total wire length of the primary and secondary winding.
The size of the transformer is calculated as

V=Ixbxh (4.31)

where the transformer length, height, and width are from the datasheet. With an
added I-core.

When calculating losses, the focus is on the major losses of the transformer, lo-
cated in the winding and the core. There are other losses as well, however, they are
significantly lower in this case, that they are neglected. The losses are calculated by

Boss - Pw + Pcore (432)

To calculate the winding losses P,,, the wire resistance is needed

Peu X L

Ruire = (4.33)

Acu Jbundle

where p., is the electrical resistivity of copper, L is the total wire length and the
copper wire area of the bundle.

While the R4. can be known from the expression as follows

R, = (MTL) X N X Ryire = glﬁh X N X Ryire (434)

where MTL is the mean turn length, which is assumed to be close to girth value
[101]. N is both N; and N» together.

With R4 known, the winding loss can be calculated

Pw = Rdc X [}2{]\45 (435)
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where Ipysg is % because of the triangular waveform [102].

To calculate the magnetic loss density Py, Steinmetz equation is implemented
as

Py =k x f* x B¢

peak

(4.36)

where k, a and d are constants depending on what type of core material and frequency
is used [98]. In the selected core, there is Ferrite material 3F3, thus the constants
are k = 2.5 x 107, a=1.63, d=2.45 [6], [103], [104].

The volume of the core is calculated from and the values found in the datasheet [98].
Giving the volume

Viore = Acore X Height. (4.37)

The core losses can be calculated by

Pcore - PM X ‘/core (438)

which give the total losses

Ijloss == Pw + Pcore- (439)

The efficiency is known as the standard equation

Pout
= 4.40

where the power input was calculated as

Pout - Pm - Boss' (441)
Hence the new efficiency of the transformer is

IDin - Ploss

— 4.42
n B (4.42)

Microcontroller unit

The logic board consists of an LV board and DSP board, where the microcontroller
unit (MCU) SPC560B54L3B4E0 is located on the LV-board. This controller is
expected to generate highest losses in the low voltage system. Due to lack of infor-
mation, the losses from the MCU needs to be estimated. The power dissipation for
each pin can be roughly calculated with the equation follows as

Ploss = V2 X fsw X Cload (443)

where it is known from data sheet that f,, = 279-285 kHz, supply voltage of V=5V
and Cjpeq= 3.8-5 pF [37], [105]. To obtain the complete losses of the MCU, a scaling
factor is needed. This factor is assumed to be 2 for interconnection for pins [106].
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This factor is multiplied with the losses for one pin, thus gives the total losses of the
MCU [107]. The power losses for this controller is assumed to be the same for the
controller in the off-board charger.

4.9.2 Thermal calculation and design

When the total amount of losses in the circuit is known, the thermal resistance value
can be calculated

-1,
P)tot
where 7} is the maximum permissible operating temperature of the components

according to their datasheets, P, is the total power dissipation and 7T, is the highest
assumed ambient temperature [6].

Rth,ja -

(4.44)

Since it is vital to analyze the temperature level of the components, it is desired to
calculate the thermal resistance of a heatsink to ensure the temperature level is in a
safe range. The total thermal resistance from the junction to ambient is presented as

Rth,ja = Rth,jc + Rth,cs + Rth,sa (445)

where the R values are representing the thermal resistance between the junction
and the case, the case and the sink, the sink and the ambient temperature, and all
together they make the thermal resistance between the junction and the ambient
temperature. These thermal parameters can be represented as a thermal model of a
heatsink shown in Figure 4.20 [6].

With the thermal resistance values from all the components separately are added
together in parallel, to get one thermal resistance value as

1 1 1
+ + .+

= . (4.46)
Rth,sa,tot Rth,sa,l Rth,sa,Q Rth,sa,n

In order to obtain the dimensions of a heatsink, the Ry, s, value needs to be known.
The lower the Ry, s, value is, the larger heatsink will be required.

In order to calculate the operating temperature for a transformer, an estimation
formula is used,

P
AT = (%)0833 (4.47)

where the value 0.833 has been derived from empirical data [108].
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Ju nc|tion (i Cas|.e (c) Sink (s) Ambient (a)
Rthjc Rthes Rthsa

Pd G) Tj Te Ts Ta

Figure 4.20: Thermal resistance of a heatsink model [39].

43



O

Results

In this section, the dissembling procedure of the OBC is presented. Necessary
analyzes and measurements were conducted as well. This procedure aids to acquire
deeper knowledge about the OBC and to give a better idea of how the off-board
charger should be designed. A final topology is selected based on size, weight,
electrical performance and power losses according to the design specification. These
parameters were obtained by simulation and calculations.

5.1 OBC - disassembling

From the dissembling process, it was first noticed that under the front aluminum
casing there is a plastic safety shield to protect the power electronics from impacts.
This shield is sealed with epoxy (silicon material) to protect the OBC from a
contaminated environment. Under this shield, the circuit board could be observed
in Figure 5.1 to the left. Underneath the circuit board were yellow thermal interface
material (TIM) implemented to the main shell. The material is used to increase the
thermal connection between the cooling system and the heat loads. Thus, dissipate
thermal heat generated from the components are removed more efficiently. This is
presented in Figure 5.1 to the right.

Figure 5.1: To the left: under the plastic safety shield the circuit board over the
low voltage system is seen inside the OBC. To the right: the base of the OBC casing,
where the cooling system is located, are mounted with TIM to dissipate thermal heat
generated from the components.

On the back side of the circuit board, the high voltage system with its power
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electronic components is mounted. This is where the power conversion from AC to
DC is processed. In Figure 5.2, the internal components organization is presented.

Figure 5.2: Back side of circuit board, where the high voltage system and its power
electronic components are implemented.

5.1.1 Layout of components

After the dissembling sequence, it was time to identify what components are included
in this OBC. From the theory background chapter, it was quickly concluded that
an OBC consist of two stages: one AC/DC converter with PFC circuit, and one
DC/DC converter. These stages are marked in Figure 5.3, including the flow of the
incoming AC and supplying DC, is located on the power board.

DC/DC converter

i“ll‘l,l] n,,,”":
Pral e

AC/DC converter +PFE

Figure 5.3: Layout overview of the OBC, where an AC/DC converter with PFC
circuit, and a DC/DC converter are included. The flow of the incoming AC and
supplying DC are illustrated with blue arrows.
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Further, through this flow, the high voltage system can be divided into 15 segments,
where the incoming grid AC voltage is converted through all these segments into a
DC voltage. These key segments are identified on the board as followings: an AC
connector, fuses, filters, first rectifier, PFC circuit, DC-link, full-bridge, transformer,
second rectifier, filters and DC connector. There are four heatsinks to thermally
protect certain components, by the help of a cooling pipe that is placed outside the
casing. Each heatsink is provided with rectangular shaped fins to distribute the
cooling temperature easier. The heatsinks are arranged on the top of the MOSFETSs,
transistors and diodes. This configuration is shown in Figure 5.4.

11. Rectifier
9. H-bridge

v 3. Fi_ltr 1. AC connector

5. Rectifier 2. Fuses

Figure 5.4: Identification of the segments that are included in the high voltage
system.

A detailed description about each segment is presented in the list as follows [37]:

1.

S8

AC power connector - EVI in the OBC receives power (230V AC, 16 A)
from the AC grid through the AC power connector.

. Fuses - Electrical devices to protect electrical equipment against abrupt

overcurrents (max. 20 A) occurring in the system by break the flowing current.
EMI filter and transient protection - Filter that is required to conceal
interference that occurring in power line. See subsection 4.3.3 for more infor-
mation.

Passive discharge circuit - Is an implementation method to discharge a
circuit for vehicles, and ensure mitigate losses.

1st diode rectifier - Electrical setup of silicon controlled diodes ensure the
current flowing in one direction, where AC current converts to DC current.
The rectifier receives in the input: 85-264 Vg, max 16 A, 45-65 Hz.

EMI filter /suppressor - See number 3. EMI filter.

PFC, 2-channel - An interleaved PFC circuit that ensures that power is
maintaining a high quality, by keeping low losses and high efficiency. This
PFC delivers between 400-420 V, with 420 V and 12 A as the maximum values.
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The switching frequency for the PFC circuit is 98.3 kHz.

8. Capacitor Bank (DC-link) - A set of several capacitors connected in parallel
to store energy and mitigate phase shift between voltage and current. See
subsection 4.2.3 for more information.

9. Phase shifted full bridge - Part of the DC/DC converter with high power
operation, that ensure high efficiency, transparent control and minimized in
size. It receives the voltage and current from the AC/DC converter stage. The
switching elements are having a frequency of 98.3 kHz.

10. Transformer - Electrical device that transfer the voltage and current into
different voltage levels. The windings of the transformer are equipped with
Litz wire to create higher isolation, reduce skin effect and eddy currents. This
transformer is the second part of DC/DC converter.

11. 2nd diode rectifier - The last part of the DC/DC converter. See number 5.
diode rectifier for more information.

12. LC filter (resonant circuit) - These types of filters are commonly imple-
mented into passive EMI filters, where they either are designed as low pass
filter (LPF), high pass filter (HPF) or BPF (band pass filter) depending on
application [109].

13. Passive discharge circuit - See number 4. passive discharge circuit.

14. CM filter - These filters ensure to mitigate noises from the capacitors with
parasitic elements. This removes the last voltage ripple to ensure that smooth
and pure DC is supplied to batteries. - See subsection 4.3.3 for more information.

15. HVDC connector - EVI in the OBC delivers DC power (200-410 V DC, max
420 V and 8 A) through the HVDC connector.

5.1.2 Component characteristics

Measurements were conducted to obtain data of the components. Some components
inside the OBC, like inductors and transformers, were missing model numbers and
component values. Hence, those components were removed from the circuit board
and measured to get their values. The component list is shown in Appendix B.

Four inductors and one transformer were de-soldered from the OBC’s circuit board.
A Fluke multimeter (8808A) was used to quickly find out which legs of the inductors
were in pairs. Additionally, an Automatic Precision Bridge (B905) were used to
obtain the approximate values of the inductors.

In relation to the weight and volume, the largest components, from the high volt-
age system from the OBC were identified to be the transformers, inductors, and
capacitors. These components have been measured by checking their dimension and
weight. For the weight measurements of the power electronic components, an Ohaus
AX324 Adventurer Analytical Balance was used as a weight scale. For the larger
parts, a Jadever Weighing Scale JWE-15K 15kg was utilized. Since there was a lack
of information about serial numbers and name of the components, they have been
denoted with suitable names. In Table 5.1, the component name, component value,
dimension, volume, and weight are presented as following:
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Table 5.1: Volume and weight of the power electronic components.

Dimension .
Component Value | Amount | (Hx W x L) VOlugne Weight
[cm] [em”] (8]
Toroid Coil (12, 14) 7.2 uH 2 4x23x4 28.9 77.91
Toroid Coil (7) 388 pH 2 4x2.7x38 30.6 105.4
Toroid Coil/small trafo (3) | 3.68 mH 1 29x2x34 18.2 38.35
Toroid Coil (3) 188 uH 1 4x23x4 28.9 77.67
Capacitor (12, 14) 3.3 pF 3 3.2x1.6x3.1 15.9 18.35
Capacitor (7) 47 uK 5 1.9x1.1x 138 3.8 4.73
Capacitor (8) 270 pF 4 3x32 22.6 32.97
Transformer (near 9, 10) N/A 1 12x15x15 2.7 3.77
Transformer (3) N/A 1 1x2x2 4.0 5.59
Transformer (11) N/A 1 4x45x6 108 850.39
Switch (5,7,9,11) N/A 8 15x2x05 47 1.5
Diode (5,7,9,11) N/A g 15x2x05 17 15

In Table 5.1 there are numbers next to the components name which refers to their
location on the circuit board that can be seen in Figure 5.4.
The number of components gave the total volume and weight presented in Table 5.2.

Table 5.2: Total weight and volume for the power electronic components.

Component

Value

Amount

Total volume

Total weight [g]

[em”]
Toroid Coil (12, 14) 7.2 pH 2 57.8 155.82
Toroid Coil (7) 388 il 2 61.2 210.8
Toroid Coil/small trafo (3) | 3.68 mH 1 18.2 38.35
Toroid Coil (3) 188 pll 1 28.9 7767
Capacitor (12, 14) 3.3 uF 3 47.6 55.05
Capacitor (7) A7 pK 5 18.8 23.65
Capacitor (8) 270 F 1 90.5 131.16
Transformer (near 9, 10) N/A 1 2.7 3.77
Transformer (3) N/A 1 4.0 5.59
Transformer (11) N/A 1 108.0 850.39
Switch (5,7,9,11) N/A 8 37.6 12
Diode (5,7,0,11) N/A S 37.6 12
Total: 428.5 1576.4

As it can be observed from the table, the total volume and weight is 428.5 em?
respectively 1576.4 g for the power electronic components that are included in the

OBC.

A summary of other parts that are equipped in the OBC is shown in Table 5.3.
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Table 5.3: Other weight of the OBC.

Other parts Weight [g]
Metallic casing + plastic safety shield 2046.5
Cooling system of OBC 893.11
Plastic safety shield 144
Metal-box (with circuit) 3580
OBC circuit board 1196

It is identified that these largest electric power components that take most weight
and volume are located in following sections: AC/DC- and DC/DC converters, filters,
PFC circuit and the DC-link.

5.2 Charging cable - disassembling

The module of charging cable for mode 2 charging for EVs from Mennekes, was
dissembled as well to get an overview of what components are included and how they
are organized inside. In Figure 5.5 to the left, the plastic safety shield is removed to
observe the high voltage components that are included. In the same figure to the
right, the base of the plastic cover from the module is shown.

Figure 5.5: To the left: under the plastic safety shield the circuit board over the
high voltage system is observed inside the module of the charging cable. To the
right: the base of the module’s plastic casing is shown.

After the dissembling process, it could be identified that the largest components are
three relays located at the output of the module. These relays are controlling the
supplying current to the grid. However, in order to save as much space as possible
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for the electric power components to fit properly inside the module of the off-board
charger, no components inside the Mennekes” module are required. The total weight
of the cable is 1.97 kg, without the module, and the internal weight of the circuit
board is 0.330 kg. By removing the internal content, gave approximately 1.64 kg
with cable together with the desolate module. These weights are listed in Table 5.4.
The module itself has a volume of 1320 ¢m?3. This weight and volume needed to be
included when finalizing the off-board charger.

Table 5.4: Other weight of the charging cable.

Other parts Weight [g]
Cable (with circuit, without module) 1597.5
Sealed module on cable (without cable) 357.5
Circuit-board in charging cable 330

5.3 Off-board charger - design characteristics

5.3.1 Design requirements

In order to make the off-board charger more compact, the components need to be
reduced in size. By scaling down the requirements of this charger, it is feasible to
obtain a small-sized design. In Table 5.5, the desired target design specification of
the off-board charger is shown.

Table 5.5: Target design specification of off-board charger.

Specification Values Units
AC input voltage (RMS) 230 Vac
AC input frequency 50 Hz
AC input current approx. 4-8 (max. 10) A
DC output voltage range 320-380 Vdc
DC current output <4 A
DC power output range 900-1700 W
PFC - Switching frequency 150 kHz
DC/DC - Switching frequency 200 kHz
THD <8 %
Target efficiency > 92 %
Target PF > 0.9 -
Power density <1 kW /kg
Dimension (H x W x L) 5.2 x 24.0 x 10. cm
Weight <2 kg
Ingress protection IP67 and IP6K9K -
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5.3.2 Components selection

To determine the components values of the selected AC/DC- and DC/DC converter,
the following steps are executed accordingly to standard calculations [110], [34].
The components for the EMI filters are also determined by standard equations [49].
Standard values are selected accordingly to datasheets to determine the size and to
select proper components in the simulation part. The calculations and selection of
components are based on a power output between 900 to 1700 W, for 3 different
current inputs 4 A, 6 A and 8 A. This is accordance to Table 5.5.

5.3.2.1 AC/DC converter with Boost PFC

According to the design specification, the efficiency 7 is assumed to be the minimum
as in the OBC, 92 %. With an output power of 900 W, gave the input power to

Py 900
= —— = 978.26W 5.1
i 0.92 (5:1)

where P;, is the input power supplied to the converter and P,,; is the output power.
Since the input power is calculated and the input RMS voltage from the grid is
known, the input current was estimated to

Py, =

P; 978.26
Lin(rMs) = v =

= 4.25A. 5.2
in(RMS) 230 (5:2)

This input current is roughly 4 A. The peak input current is obtained by

Ling) = V2 x 4.25 = 6.02A. (5.3)

Finally, the average input current is estimated

2 X Im(p) - 2 %X 6.02
- =

= 3.83A. (5.4)

Iin(avg) -

Rectifier diodes
To design a protective diode to the rectifier bridge that can withstand the highest
supplied voltage, which is 230 V (RMS) from the grid, gave the peak current as

Vintp) = V2 X Vin(rars) = V2 x 230 = 325.27V. (5.5)

To calculate the current through the diode, the inductor current ripple must be
estimated. It has a current ripple factor RF typically between 10-20 %. To obtain
a more protective design for the diode, the current ripple factor is assumed to be 20
%, expressed as

AL, = RF; X Ijpgy = 0.2 x 6.02 = 1.20A. (5.6)

Since the same current flows through the diode and inductor, the peak inductor
current is equal to the peak diode current

AT 1.20
Liiodew) = Top) = Lingp) + TL =5.80+ —~ = 6.49A, (5.7)
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From earlier calculations is concluded that the rectifier diode needs to conduct an
average current of Ij,(qg) = 3.83 A.

Boost inductor

Since earlier calculations, it is known that the peak input voltage is Vi) = 325.27V.
This value was utilized to calculate the duty cycle of the peak Boost transistor,
where V,,; is set to be 400 V, expressed as

Vintn 325.27
Divostir) = 1 — —20) —q _ —0.19. 5.8
boost(p) V:)ut 400 ( )

With the selected switching frequency of 150 kHz, gave the calculated value of the
inductor as

‘/7,7’1,(})) X Dboost(p) o 325.27 x 0.19
fsw X AIL B 150e? x 1.20

A standard value 330 pH inductor manufactured by Bourns was selected. It provides
a tolerance of 15 % and can withstand a temperature of 125 °C [111].

= 343.34pH. (5.9)

Lboost -

Transistor

Since a switching frequency of 150 kHz is selected, it was desirable to have a MOS-
FET selected, in contrast to a IGBT. The MOSFET needs to handle an output
voltage of 400 V including its ripple. In this case, the voltage ripple factor was
selected to be 6 % since it is average value and to reduce the size of the output
capacitor. The output voltage with voltage ripple is expressed as

AV = RFy X Ve = 0.06 x 400 = 24V. (5.10)

This suggested to select a MOSFET that is able to operate for a voltage for at least
424 V and a conducting peak current of 6.02 A. By select a MOSFET STF10N60DM?2
manufactured by IXYS, having the properties 600 V and 8 A, a safety margin could
be established [112].

Boost diode

From previous calculations, it was determined that the conducting average current
through the diode is 3.83 A. This suggested to select Schottky diode 869-QH08BZ600
from Power Integrations that is having a forward current of 8 A and a reversed
voltage of 600 V. Since the diode is made of silicon carbide material, it can withstand
higher frequency [113].

Output capacitor
The output capacitor of the converter was estimated accordingly to

Pout 900

in > Vout = 400 = 149.21uF 5.11
= 2 x f, x RFy x AV 27 x 100 x 24 K (5.11)

where AV = 24V and the rectifying frequency is denoted as f,=100 Hz to obtain the
minimum capacitor value that is required at a higher frequency. Since earlier, the

Chn
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voltage ripple factor was selected to be 6 %. Since it is an average value, a margin
of 25% incresasing of the capacitance is added to obtain the actual value.

Cout = 25% X Copin = 1.25 x 149.21 = 186.51uF (5.12)

Since it was favorable to have several capacitors for the capacitor bank, it was
assumed that the bank also consists of 4 capacitors as the OBC. Thus, it gave 4
x 47 puF capacitors to obtain 186 uF'. The selected component was an electrolytic
aluminum capacitor from United Chemi-con with 20 % tolerance and maximum
temperature of 105°C [114]. The maximum hold-up time for the capacitor was
calculated according to the expression

1 1
4x2x frp 4x2x50

where the fr; is the line frequency of 50 Hz. This gave the extended operation time
to be 2.5 ms that the converter would run after the power would be interrupted [34].

Thold—up = = 2.5ms (513)

5.3.2.2 AC/DC converter with Totem-pole PFC

Totem inductor

To calculate the value of the inductance, the values were set accordingly to the
design specification for a current of 4 A. The current ripple factor and switching
frequency was selected to be 20 % respectively 150 kHz for this converter as well.

_ D(1=D) X Vo x Vi 0.19(1 — 0.19) x 400 x 230
AL X V2 X Py X faw 0.2 X v/2 % 900 x 150e3

L = 370.8uH  (5.14)

where both the duty cycle and voltage ripple were assumed to be the same as earlier
calculations [115].

Rectifier diodes and transistor
Assumed to be the same selection as for the Boost PFC, since the rectifier diodes
and transistor operating for the same average input currents and peak currents.

Output capacitor
The output capacitance for the capacitor bank was selected with the presented
expression

Pour X m X frp x AV 900 x 50 x 24
Voutr " a 400
where voltage ripple was assumed to be same as AV = 24 V based on earlier
calculations [68]. Likewise, the Boost PFC it was assumed that four capacitors were
needed for the capacitor bank, which gave 4 x 33 uF capacitors to obtain 132 uF.

The hold-up time of 2.5 ms for this capacitor was assumed to be the same as for the
Boost PFC converter.

C’out Z

= 132.53uF (5.15)
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5.3.2.3 Full and Half-bridge DC/DC converter

For the design of the Full-bridge DC/DC converter, it was vital to design the trans-
former properly since it was expected to be the largest component inside the off-board
charger and generating the majority of the power losses. For the Half-bridge, only 2
MOSFETs were considered in the primary bridge [34]. This DC/DC converter was
selected to have a switching frequency of 200 kHz according to the design specification.

Transformer

A transformer material was selected to be 3F3 since it is used for 40-420 kHz [6].
Also, a transformer core was chosen as ETD49/25/16-3F3. This transformer core
has an area of 211 mm? and a core diameter of 16.39 mm. ETD core includes a
round core, which means that the winding resistance will decrease. The transformer
and its core are shown in Figure 5.6.

A

487 mm 37 mm 16.39 mm

2
N

-—24.7 mm—»
=18.1 mm=

Figure 5.6: Dimension of the selected transformer and its core.

Output inductor
By simulation test, the output inductor of the DC/DC converter was estimated to
be 0.25 pH, with a transformer ratio 14:14.

Transistors and output rectifiers

For the switches in the primary bridge side, a 600 V MOSFET operating for higher
frequency and have a doubled withstand current input. For the diodes at the sec-
ondary bridge side, since 2.25 A is conducting in the DC/DC converter stage, a
current rate of 3 A silicon carbide diodes were selected [116].

Output capacitor
Since 400 V is expected at the output of the converter after the secondary diode
bridge, a 33 uF 400 V electrolytic capacitor is selected [34].

5.3.2.4 EMI filters

For the design of the EMI filter, it was known from before that 230 V (RMS) and
50 Hz is supplied to the charger [49]. Since it desired that the output voltage should
be 400 V, the maximum load current was calculated according to
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P 900
= — =225A 5.16
VPFCout 400 ( )

where the expected P,,; to be 900 W and Vppeow is 400 V [34]. This gave that
the load current to be 2.25 A to obtain an output power of 900 W. This gave the
impedance as

]out(max) -

Vin(rms) 230

7 = =
Iout(max) 2.25

= 102.220. (5.17)

Inductor and capacitor

To ensure that a margin was established for a minimal suppression, the cut-off
frequency was assumed to be at least 10 times larger than the line frequency f,=50
Hz. This gave the cut-off frequency to be f.,,= 500 Hz. This frequency was used to
calculate the final components of the filter. The inductor was calculated as

Z 102.22
L = = = 32.bmH. 5.18
EMI= 005 fou 27 % 500 " (5.18)
For the capacitor, it is expressed and calculated as
1 1
Cemr = =3.11uF. (5.19)

27 X fou X Z 27 x 500 x 76.66

For the type of EMI filter, a basic n-filter was selected. To obtain the inductance
and capacitor value, Lgyr and Cgyr are needed to be divided by 2. This design
required 2 capacitors and 2 inductors [49)].

5.3.3 Weight and size

It was vital to reduce the components in terms of size and weight, especially the
largest components which were identified to be the Boost inductor, output capacitor,
and filters components. Their volume was determined using basic geometrical figures.
The Boost inductor and output capacitor are having the shape of a cylinder, while
filter capacitor, MOSFET, and diode are based on a rectangular box.

Since certain datasheets could not provide sufficient information of certain compo-
nents, their weight was estimated through an online conversion tool based on their
dimension and material [117].

AC/DC converter with Boost PFC

Standard components were selected for 4 A, 6 A respectively 8 A supplied to AC/DC
converter with Boost PFC [118]-[126]. Their dimension, volume and weight are
summarized in Table 5.6 listed as
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Table 5.6: With various current ratings supplied to the AC/DC converter Boost
PFC, gives different component value, volume and weight.

Current Component Standard Dimension Volume | Weight

rate value (D x (W) x H) [ecm] | [em?] [g]
Rectifier diode | 600 V/ 4 A 1.57 x 0.46 x 1.04 0.75 6

4 A Lpoost 330 uH 2.79 x 1.40 8.56 24.15
MOSFET 600 V/ 8 A 1.04 x 0.46 x 1.64 0.78 2
Boost diode | 600 V/ 9 A 1.067 x 0.47 x 0.9 0.45 2
Rectifier diode | 600 V/ 6 A 1.57 x 0.46 x 1.04 0.75 6

6 A Lpoost 220 pH 3.25 x 1.65 13.69 32.35
MOSFET 600 V/ 10 A 1.04 x 0.46 x 1.64 0.78 2
Boost diode | 600 V/ 10 A 1.02 x 0.45 x 1.59 0.73 6
Rectifier diode | 600 V/ 8 A 1.59 x 0.45 x 1.02 0.73 6

8 A Loost 150 pH 3.25 x 1.65 13.69 47.05

MOSFET 600 V/ 13 A 1.04 x 0.45x 1.6 0.75 2.27
Boost diode | 600 V/ 12 A 1.067 x 0.47 x 1.65 0.83 6

The output capacitors of the DC-link is presented in Table 5.7 for various currents
ratings. These have been selected accordingly to standard values [114], [127], [128].

Table 5.7: Output capacitor for the AC/DC converter with Boost PFC.

Current Component Standard | Dimension | Volume | Weight
rate value (D x H) [em] | [em?] [g]
4 A Cout A7 pF 1.8 x 1.5 3.82 10.306
6 A Cout 68 ukF 20x 2.5 7.85 12.30
8 A Cout 100 pF 1.8 x 4.0 10.18 15.40

It should be noted that these values are for one capacitor and that the DC-link
consist of four capacitors to give the total capacitance for the bank. The total
capacitance for the DC-link is shown in Table B.6 in Appendix B.

AC/DC converter with Totem-pole PFC

Standard components were selected for 4 A, 6 A respectively 8 A supplied to AC/DC
converter with Totem-pole PFC [129]-[131]. The rectifier diodes in the bridge and
the transistors were assumed to be the same as in the Boost PFC. Their dimension,
volume and weight are summarized in Table 5.8 listed as
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Table 5.8: With various current ratings supplied to the AC/DC converter Totem-
pole PFC, gives different component value, volume and weight

Current Component Standard Dimension Volume | Weight

rate value (D x (W) x H) [ecm] | [em?] [g]
Rectifier diode | 600 V/ 4 A 1.57 x 0.46 x 1.04 0.75 6

4 A Liotem 390 pH 2.41 x 1.39 6.34 18.23
MOSFET 600 V/ 8 A 1.04 x 0.46 x 1.64 0.78 2
Rectifier diode | 600 V/ 6 A 1.57 x 0.46 x 1.04 0.75 6

6 A Liotem 270 pH 3.25 x 1.65 13.69 32.16
MOSFET 600 V/ 10 A 1.04 x 0.46 x 1.64 0.78 2
Rectifier diode | 600 V/ 8 A 1.59 x 0.45 x 1.02 0.73 6

8 A Liotem 180 uH 2.79 x 2.54 15.53 49.0

MOSFET 600 V/ 13 A 1.04 x 0.45 x 1.6 0.75 2.27

For one output capacitor at the capacitor bank is presented in Table 5.9 for various
currents ratings. These are selected accordingly to standard values.

Table 5.9: Output capacitor for the AC/DC converter with Totem-pole PFC.

Current Component Standard | Dimension | Volume | Weight
rate value (D x H) [em] | [em?] [g]
4 A Cout 33 uF 1.6 x 2.0 4.021 6
6 A Cout AT pF 1.8x 2.5 6.36 17.17
8 A Cout 100 pF 1.8x 4.0 10.18 15.40

It should be noted that these values are for one capacitor and that the DC-link consist
of four capacitors to give the total calculated capacitance value for the bank [132]-
[134]. The total capacitance for the DC-link is also shown in Table B.6 in Appendix B.

EMI filters

Standard components were selected for the EMI filter for 4 A, 6 A respectively 8
A [135]-[139]. The inductors and capacitors values are presented in Table 5.10 and

Table 5.11.

Table 5.10: Various current ratings supplied to the EMF filter, gives different

component value, volume and weight for the inductor.

Current Component Standard Dimension Volume | Weight
rate value (D x H) [cm] [em?] lg]
4 A Lenr 18 mH 1.32 x 1.28 x 0.62 1.023 5
6 A Lpnr 10 mH 1.27 x 1.27 x 0.85 1.371 4.250
8 A Lpyg 6.2 mH 0.8 x 0.8 x 0.45 0.288 2.250
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Table 5.11: Various current ratings supplied to the EMF filter, gives different
component value, volume and weight for the filter capacitor.

Current Component Standard Dimension Volume | Weight
rate value | (Hx W x L) [cm] | [cm?] [g]
4 A Cemr 2.2 uF 2.65 x 1.45 x 2.95 11.33 5
6 A Cemr 3.3 ukF 2.65 x 1.45 x 2.95 11.33 5
8 A Cemr 3.3 uF 2.65 x 1.45 x 2.95 11.33 5

It should be noted that one EMI filter consists of 2 inductors and 2 capacitors.

Full-bridge and Half-bridge DC/DC converter

The input voltage is set to be maximum 400 V, with an input current level between
2-8 A feed to the DC/DC converter. Under ideal conditions when 400 V is fed
to the converter, gave the standard components selection where component value,
volume, and weight [140]-[149]. The components selection for the DC/DC full-bridge
converter are presented in Table 5.12.

Table 5.12: Weight and volume of the components that are included in the full-
bridge DC/DC converter.

Current Component Standard Dimension Volume | Weight

rate value (D x (W) x H) [cm] | [em?] [g]

Transformer 14:14 4.87x 3.13 x 1.64 25 74.9

Lout 6.2uH 0.8 x0.8x0.45 0.288 2.25
4 A MOSFET 600 V/ 4 A 1.03 x 0.48 x 1.54 0.76 2

Rectifier diode | 600 V/ 3 A 1.036 x 0.49 x 1.61 0.82 2.56

Chout 33uF 1.6 x 2.5 5.03 7.38

Transformer 14:14 4.87x 3.13x 1.64 25 74.9

Loyt 4.3uH 1.05x 1.05x 0.5 0.55 1.800
6 A MOSFET 600 V/ 6 A 1.13 x 0.49 x 1.63 0.90 2
Rectifier diode | 600 V/ 4 A 1.02 x 0.45 x 1.59 0.73 6

Chout 33uF 1.6 x 2.5 5.03 7.38

Transformer 14:14 4.87x 3.13 x 1.64 25 74.9

Lout 3.3uH 0.52 x 0.57 x 0.28 0.0.83 0.604
8 A MOSFET 600 V/ 8 A 1.04 x 0.46 x 1.64 0.78 2
Rectifier diode | 600 V/ 5 A 1.02 x 0.45 x 1.59 0.73 6

Chout 33uF 1.6 x 2.5 5.03 7.38

The components MOSFET, diodes and output capacitors that are used in Full-bridge
were selected to be the same for the Half-bridge. This is assumed since they have
similar structure and operating under the same conditions. Two capacitors were
connected in parallel with the transistors [150], [151]. Likewise, Full-bridge, the
components selected for the Half-bridge DC/DC converter was selected under ideal
conditions, shown in 5.13.
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Table 5.13: Weight and volume of the components that are included in the Half-
bridge DC/DC converter.

Current Component Standard Dimension Volume | Weight
rate value (D x (W) x H) [cm] | [em?] [g]
Transformer 7:14 4.87x 3.13x 1.64 25 74.9
Lout 6.2uH 0.8 x0.8x0.45 0.288 2.25
C; ATukF 1.6 x 1.45 291 10
4 A MOSFET 600V /4 A 1.03 x 0.48 x 1.54 0.76 2
Rectifier diode | 600 V/ 3 A 1.036 x 0.49 x 1.61 0.82 2.56
Cout 33uk 1.6 x 2.5 5.03 7.38
Transformer 7:14 4.87x 3.13x 1.64 25 74.9
Loyt 3.3uH 0.52 x 0.57 x 0.28 0.083 0.604
C; ATk 1.6 x 1.45 291 10
6 A MOSFET 600V /6 A 1.13 x 0.49 x 1.63 0.90 2
Rectifier diode | 600 V/ 4 A 1.02 x 0.45 x 1.59 0.73 6
Cout 33uk 1.6 x 2.5 5.03 7.38
Transformer 7:14 4.87x 3.13x 1.64 25 74.9
Lout 2.7TuH 0.2 x0.25x0.16 0.08 0.032
C; AT pF 1.6 x 1.45 291 10
8 A MOSFET 600 V/ 8 A 1.04 x 0.46 x 1.64 0.78 2
Rectifier diode | 600 V/ 5 A 1.02 x 0.45 x 1.59 0.73 6
Cout 33uk 1.6 x 2.5 5.03 7.38

5.3.4 Summary of weight and size

A summation of weight and volume for the various topologies are presented in
Table 5.14. The total number of components for each topology is included based on
subsection 4.5.4.

Table 5.14: Total weight-and volume of the different topologies.

Volume [cm?] Weight [g]
Component 4A 6A 8A 4A 6A 8A
AC/DC Boost 28.07 | 49.60 | 58.91 | 93.37 | 113.55 | 140.92

AC/DC Totem 25.48 | 42.19 | 59.21 | 58.23 | 116.84 | 127.14
DC/DC Half-bridge | 38.03 | 37.74 | 37.50 | 108.77 | 120.88 | 120.31
DC/DC Full-bridge | 36.64 | 37.1 | 36.153 | 102.77 | 116.08 | 114.88

EMI-filters were not included in Table 5.14. However, the filters were included in
the total volume’s and weight’s in the final design, see subsection 5.7.

5.4 LTspice simulation

In order to verify that the calculated components from the previous chapter were
relevant to implement for the selected topologies to the off-board charger, they were
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tested in L'Tspice. These simulation models were compared regarding efficiency, PF,
and THD. To avoid errors in LTspice, the simulation parts were simulated separately
from each other.

All simulations in AC/DC stage were based on transient analysis in order to generate
plots of the voltage and current in relation to time. The starting time was set as
zero, where a time period of 300 ms was selected for AC circuits. This was since a
large variation in the losses for each component and to ensure steady-state is reached.
For the DC circuits, 30 ms was selected. The EMI filters were not included in the
simulation since interference was not investigated.

5.4.1 AC/DC converter with Boost PFC

To simulate the AC grid that was supplying the charger with power, a voltage
source was selected with the properties, sine wave, AC 230 V (RMS), 50 Hz. In
order to obtain 230 V (RMS), an amplitude of 325.27 V was selected with a low
serial resistance. By using the trace label tool in LTspice, the RMS value for the
input voltage was verified to be 230 V (RMS) and the input current was about 4.5
A (RMS). To obtain the different input currents from the grid, a current load was
connected. For this case, to obtain approximately 4 A from the AC grid, the current
load must be adjusted to 164 2 according to the following steps

Py = Vi X Iy, = 230 x 4.25 = 977.5W. (5.20)
P 977.5
Ly =—2 ="""=29244A. 5.21
" Vo 400 (5:21)
V;Jut 400
= = —— = 1641. 22
K L 244 0 (5:22)

This value was set to the current load, together with the calculated standard values
to the circuit for 4 A current rate. To obtain the other input currents for 6 A and 8
A from the grid, the current load is adjusted to 113 € respectively 87 €.

For the PFC controller, it was desirable to select an IC PFC circuit that has
the ability to operate with a high switching frequency and CCM mode. Thus, the
L'T1248 controller was selected for this converter. An additional diode was connected
in parallel with the Boost inductor and Boost diode to maintain the power. This is
shown in Figure 5.7, where the AC/DC converter with Boost PFC is simulated in
LTspice.
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Figure 5.7: Simulation schematic in LTspice of the AC/DC converter with Boost
PFC.

The output voltage was set to be approximately 400 V by having the R;= 1.0467
M and Ry = 20 k) according to equation 4.4.

Vour = Vres X ( R2 2063

The switching frequency of 150 kHz was selected by having Rgpr=10 k{2 and
Cspr=1000 pF on the IC in LTspice, accordingly to frequency graph found in
datasheet. According to equation 4.5, gave the switching frequency as

1+ R2 1.0467¢5 + 206
Uil )=7.5><( 0467 + Oe>=4oov. (5.23)

1.5 1.5
fow = ~ 1063 —12
RSET X CSET 10e? x 1000e
In Figure 5.8, it is shown that the AC input-current and voltage are in phase
with each other. This implied that PFC circuit was operating properly. It was
observed that there is a phase-shift between current and voltage for 10 ms before
they approached unity.

— 150k H =. (5.24)
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Figure 5.8: The waveforms of input voltage-and current from the AC grid with a
PFC.

At the PFC bus from converter, the output voltage was Vpprcowr= 400.58 V with
an output current I,,,= 2.44 A, seen in Figure 5.9. As shown in the graph, it took
about 80 ms for the PFC to reach steady state at the output. A small overshoot of
the voltage and current occurred in the first 10 ms of the time-period when a higher
current is used at the input. An output ripple current of 290 mA and output ripple
voltage of 48 V. By increasing the output capacitance, the ripple can be mitigated.
However, the DC/DC converter in the next stage is expected to remove the ripple.

V(out)

2 8 & & =B =B = NN MW
" - " " M " M - " - "

Figure 5.9: The waveforms of output voltage-and current from Boost PFC with
230 V (RMS) and 4 A supplied from grid.

The same mathematical procedure for the current load was executed for 6 and 8 A.
This gave the current load to be 113 €2 and 87 2. This gave Vproow= 364.90 V and
L= 3.23 A for 6 A, Vprcow= 332.85 V and I,,,= 3.83 A for 8 A.
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5.4.2 AC/DC converter with Totem-pole PFC

Since there was no available Totem-pole IC circuit for L'Tspice, another IC PFC
circuit had to be selected and modified to operate as a Totem-pole configuration.
Once again, the L'T1248 was selected for this application. Since this Totem-pole
configuration has two switches, the frequency needed to be doubled to 300 kHz.
Therefore, according to equation 4.5, the components are set to be Rgpr=15 k2
and Cspr=300 pF on the IC. The output voltage was set to be 400 V. The AC/DC
converter with Totem-pole PFC is shown in Figure 5.10.

Figure 5.10: Simulation schematic in LTspice of the AC/DC converter with
Totem-pole PFC.

Since Totem-pole had a complex control configuration, the pulse sequence for the
switches was simplified [152]. The gate drive (GTDR) signal from the IC was
connected to a SR-flip flop, where its output signal was fed to two behavioral voltage
sources that are controlling the transistors. Q1 was activated at the positive half
side of AC input waveform, and Q2 was activated at the negative half side. The
pulse sequence for the transistors Q1 and Q2 together with the AC voltage input
waveform is presented in Figure 5.11.
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V(NO81,N0@3)

350V
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218V
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Figure 5.11: The waveforms of AC voltage input and the pulse sequence of Q1
and Q2.

At the PFC bus, the output voltage was Vpproow:=289.54 V with an output current
1,,4;=1.76 A, seen in Figure 5.12. It is noticed that there were both output ripple
current of 490 mA and output ripple voltage of 85 V. By increasing the value of
the output capacitor, the ripple can be mitigated. However, in the next conversion
stage, the DC/DC converter is expected to remove the ripple.

aev

sev

20V
gev
6ev
3ev

v | i i | f
@ms 20ms 48ms 68ms 88ms 180ms

Figure 5.12: The waveforms of output voltage-and current from Totem PFC with
230 V (RMS) and 4 A supplied from grid.

5.4.3 Full-bridge and Half-bridge DC/DC converter

Since the simulation parts are not connected with each other, a voltage source was
connected to the DC/DC converter to simulate the incoming DC voltage from the
previous converter stage. It was expected that the ripple in the DC voltage are
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removed from the next switching elements. Thus, the ripple was neglected to be
simulated. The transistors were operating with 200 kHz as a switching frequency
accordingly to the design specification. The duty cycle needed to be adjusted to 30
%. The transistors M1 and M4 was operated with the same pulse parameters, while
M2 and M3 had the same parameters included a delay time, thus the pulses would
be separated from each other. It was assumed that the LV system is supplying the
transistors with PWM. In Figure 5.13, the isolated Full-bridge DC/DC converter is
shown.

Figure 5.13: Simulation schematic in LTspice of the Full-bridge DC/DC converter.

For an input current of 4 A from the AC grid, the transformer ratio was adjusted to
14:14 ratio to obtain an output voltage in the interval of the HV battery operation
mode. Thus primary winding was set to be N,=140 pH and the secondary winding
to Ny=140 pH. The current load needs also to be adjusted to obtain correct input
current. The value of the output inductor needed to be reduced in order to avoid
too high overshoot. From the Boost PFC bus, the input to DC/DC converter
gave Vproouw)= 400.58 V and Ippcoun= 2.44 A, where the current load was set
to be 147.58 €. Tt could be noted there is a small ripple of the input current of 12 mA.

This gave the output current- and voltage waveforms to be V,,;=380.95 V and
1,,;=2.5627 A from the DC/DC converter. It can be observed that there is a small
overshooting in both the current and voltage in the first 1.5 ms. This delivered
output is within the charging range 320-380 V DC which is sufficient to charge the
HV battery. The waveforms are shown in Figure 5.14.
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V{vout)

Figure 5.14: The waveforms of output voltage-and current from the DC/DC
conversion stage when 4 A supplied from the AC grid.

For the Half-bridge DC/DC converter, two transistors in the primary bridge were
removed and replaced by two capacitors connected in parallel to demonstrate Half-
bridge configuration. From simulation, it was concluded that the capacitor value
needed to be 47 pF. According to calculations, the transformer ratio was 7:14, where
the inductance is proportional to N2, thus the primary winding was set to be N,=70
pH and Ny, =280 pH. The output inductor and current load were set to be the same
as in the Full-bridge. In Figure 5.15, the Half-bridge converter is shown.

ISOLATED HALF-BRIDGE DC/DC CONVERTER
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Figure 5.15: Simulation schematic in LTspice of the Half-bridge DC/DC converter.

This gave similar a result as in the Full-bridge, V,,,;=380.40 V and 1,,,=2.577 A.

A summary of the voltage and current outputs from all simulations are shown

in Table C.1 and in Table C.2 in Appendix C.
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5.4.4 Summary of LTspice results

Since it was observed from the simulation that the efficiency results were approx-
imately 50 % for Totem-pole and Boost efficiency decreased with higher current
indicates that the PFC circuits were not optimized to run a Totem-pole configuration.
This was due to that there is no PFC IC component existing in LTspice for that
particular topology. Additionally, the switching sequence for Totem was too complex
to design from scratch. Thus, the output voltage is assumed to be 400 V in further
calculations.

To obtain the THD-and PF data, a fast Fourier transformer (FFT) analysis was
performed at the AC input current where harmonics were analyzed with higher
frequency. With 4 A supplied to the Boost PFC, gave the frequency components
shown in Figure 5.16. THD and PF values for the Totem-pole PFC was based on
test results from a 1.6 kW Totem-pole PFC circuit from Texas Instruments [153].
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Figure 5.16: Peaks currents levels with higher frequency.

As shown in the graph, the distortion was reduced at a higher frequency. The level
of THD for the various input currents 4 A, 6 A respectively 8 A, is shown in Figure
5.17.
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Figure 5.17: THD level at AC input current for the Boost-and Totem PFC.

This shows that it was favorable to select the Totem-pole PFC topology since it has
lower THD compared to Boost PFC.

PF for the different topologies at the different current ratings are presented in

the graph in Figure 5.18.

PF analysis of the topologies
T

N Eocst PFC
O Totempois PFC

099

098

Power factor

087 |

0954

095

084 |

0991

00888

0996

0992

‘nagr

093

11A]

Figure 5.18: PF level at AC input current for the Boost-and Totem-pole PFC.

The graph evidently shown that PF level is higher for the Totem-pole topology than
the Boost PFC. Again, this indicated that the Totem-pole PFC was more beneficial.
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5.5 Power loss calculations

In order to obtain the power losses data for the selected AC/DC topologies, the
input and output parameter are presented in Table 5.15. The calculations below are
an estimation of the power losses.

Table 5.15: Input and output parameters of the AC/DC converter for 4 A.

Parameter Boost | Unit
Power input 978.26 | W
Voltage input 230 \Y
Voltage output 400 \Y
Current input 4.2533 A

Switching frequency | 150 kHz

5.5.1 AC/DC Boost

Based on subsection 4.9.1, the power loss calculations steps are presented for each
component [69].

Input diode-bridge

To calculate the power loss for the input rectifier diode bridge, the Schottky diode
STPSC406 was used. The voltage drop are about 1.9 V at 150 °C at current 4 A,
values taken from datasheet diagram [118]. The switching losses were neglected for
the input rectifying diode bridge due to the low frequency of 50 Hz.

Lcris X V2 % 2
T

where the the input RMS-current is 4.2533A from calculation.

= 3.82934 (5.25)

[avg =

Conduction loss for the diode-bridge of a half cycle was

Ponduction = 2 X Vi X Igyg = 1.9 x 3.8293 = 14.55139W. (5.26)
Boost diode PFC

Both conduction losses and switching losses were calculated from [69]. The selected
diode for the Boost PFC circuit was QHO8TZ600. The current after the diode bridge
was calculated with

Locrms X V2 X 2

— 3.8293A. (5.27)

Iav -
g T

The voltage after the diode bridge was obtainted as

Vacrms X V2 X 2
T

Vi = = 207.07V (5.28)

The conduction loss can then be calculated as
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Pronduction = Vi X Igpg = 2.23 x 3.8293 = 8.5393W (5.29)

where the Vi at T; at 150 °C is 2.23 V from datasheet [113]. The turn-off losses in a
diode were relative small, therefore could be neglected, while the turn-on losses are
[157],

Pswitching = (Eon + Eoff) X fsw ~ Eon X fsw (530)

where F,, depends on (Qrr and Vi which are seen in

EonX fsw = 0.25XQrrX VR X fan, = 0.25x25.5nx400V x 150k H z = 0.3825W (5.31)

where Qgp is the reverse recovery charge taken from datasheet [113].
The total diode Boost loss then became

Pross = Preonduction + Pswitching = 8.9393 + 0.3825 = 8.9218W. (5.32)

Transistor PFC
The MOSFET STF10N60DM2 was selected for the Boost PFC circuit, where the
duty cycle was calculated in previous subsection 5.3.2.1.

o Uo _ Um
= 7[]0

D = 0.19. (5.33)

The conduction losses are

Pronduction = Bps.on X Ly X D = 0.53 x 3.8293% x 0.19 = 1.47663W (5.34)

where the Rpg o, are the drain-source on-state resistance and the /,,, was the output
current from the rectifying diode bridge.

The switching loss could now be calculated as
Pyitching = 0.5 X Ve X Ige X (tr +tdon +tf +tdof f) X fsw (5.35)
where the V. voltage was 207.07 V from previous calculations [94]. Thus the
switching loss can be calculated with
Piitehing = 0.5 x (207.07) x 3.8293 x (55.5ns) x 150kH z = 3.3003W (5.36)
where 4., is the delay on-time and the ¢,;; is the delay off-time from datasheet
143].

Pioss = Preonduction + Pswitching = 1.47663 4 3.3003 = 4.776955W ~ 4.78W  (5.37)
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The gate drive loss and turn on loss were neglected since they are considering to be
relative small.

Boost inductor
The inductor losses are the same as in the Totem-pole induction calculation.

The inductor value was calculated to be 343 pH. A component was selected 2200L1L-
331-RC 330 pH and from datasheet, the DCR value is found to be 0.077 2. To
calculate the Boost inductor losses the formulas used comes from [69].

The inductor current I, gryrg was calculated by utilizing the CCM boundary condition

Al

where the current ripple was

_ VpxD 170V x 0.19

Al = = = 0.6525A 5.39
L X fg, 330u x 150kH z ( )
where the V7 is collected from the simulation.
The inductor current could now be found
Al 0.6525

The DCR value 0.077 €2 was found in the inductor datasheet [111].
The inductor copper loss was calculated by using

Pioss = Ppor = Ip.rus® X DCR = 0.3262% x 0.07762 = 0.008196W (5.41)

since the inductor power loss value was low, it will be neglected for all current levels
within power loss calculations [157]. The inductor core losses were not taken into
consideration.

DC-link
When calculating the DC-link losses, the reactance needed to be known. A capacitor
of 47 pF is used.

1 1
XC: =
2X T X foo xC 22X 71 xX150kHz X ATuF

Then the equivalent series resistance (ESR) can be calculated

= 0.022575W. (5.42)

ESR = tand x X, = 0.24 x 0.022575W = 0.0013W. (5.43)

where tand is from datasheet [132].
Now the losses can be found using

Pioss = Lo russ® X ESR = 2.44%A x 0.0013W = 0.007778W . (5.44)
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where I, pars is the RMS output capacitance current. In this case, the current was
assumed to be 2.44 A since the maximal output current was equal to the input power
P=978.26 W divided by the output voltage V=400 V.

Four capacitors, 47 uF each, are needed in the DC-link. Thus, the total loss
was
Ploss = 4 x 0.007778A = 0.03111W (5.45)

The losses for AC/DC for both Totem-pole and Boost are calculated for 6 A and 8

A with the same mathematical procedure as above. This is summarized in Table
5.16 and Table 5.18.

Table 5.16: Power losses for Boost at different current levels.

Boost

Loss [W] 4A 6A 8A

Input diode-bridge | 14.55 17.69 31.83

PFC Diode 8.92 12.17 17.30

PFC transistor 4.78 7.47 11.54

Inductor - - -

DC-link 0.0312 | 0.1168 | 0.04705

Total power loss | 28.26 | 37.36 60.68
Output power 950 | 1375.68 | 1787.15

Efficiency [%] 97.11 | 97.36 96.72

A loss comparison was conducted to see how reasonable the calculated loss values
are. The Boost power loss values below were calculated by finding efficiency value
in literature and by using

Poss = (1 —n) x Py, = (1 —0.9725) x 978.26 = 26.902V (5.46)

where the 7 is found to be 97.25 % when the output power was assumed to be around
950 W shown in Figure 5.19 [155].
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Figure 5.19: Comparison of theoretical efficiency of the Boost PFC and Totem-pole
PFC at different output power [155].

From this, it can be seen that the calculated power loss and the loss from the graph
is within the same size, hence the results seem to be reasonable.

5.5.2 AC/DC Totem-pole

Since the power loss calculations for the Totem-pole has been more difficult to find
good estimation equations, the Totem-pole power loss values are instead calculated
from finding efficiency value in literature, see Figure 5.19, hence

Pioss = (1= 1) X Py = (1 —0.975) x 978.26 = 24.46W (5.47)

where the 7 is found to be 97.5 % when the output power was assumed to be around
950 W from Figure 5.19.

The difference in power loss between Boost and Totem-pole was

APloss = Ploss.poost — Ploss.totem = 26.902W — 24.46W = 2.44551V. (5.48)

From the calculated AP, an estimation for power loss of Totem-pole at different
current levels can be achieved, shown in Table 5.17. The difference AP,,,s between
Boost and Totem-pole is assumed to be constant.

Table 5.17: Totem-pole estimation power losses.

Power loss [W] | Boost | Totem
4A 28.26 25.81
6A 37.36 34.92
8A 60.68 | 58.23
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The power loss and efficiency for the other input current ratings, are presented in
Table 5.18, where AP,,,s was assumed to be constant for all cases.

Table 5.18: Power losses for Totem-pole at different current levels.

Totem-pole
Loss [W] 4A 6A 8A
Total power loss | 25.81 34.92 58.23
Output power | 952.45 | 1378.12 | 1789.60
Efficiency [%] 97.36 | 97.53 96.85

5.5.3 DC/DC - Half and Full

In order to obtain the power losses data for the selected DC/DC topologies, the
input and output parameter are presented in Table 5.19. For this subsection, the loss
calculations were based on the selection that Totem-pole was the selected AC/DC
converter.

For the DC/DC converter, the V;, was assumed to be 400 V and the V,,; was
assumed to be 380 V. The 380 V output voltage is desired since the HV battery is
having a charging range between 320-380 V.

The output voltage from Boost and Totem-pole AC/DC was assumed to be 400 V,
[34]. The input voltage for the DC/DC Full-bridge transistors was 400 V, while
for Half-bridge the input voltage at the transistors are 200V. The input voltage of
the transformer after the transistor was obtained from simulation, 394 V for the
Full-bridge, and 196 V for the Half-bridge.

DC/DC input current has been calculated by taking the AC/DC output power
and divide it with the voltage 400 V, hence for current level 4 A the DC/DC input
current is calculated to be 2.381 A. The calculations below are the same equations
used in subsection 5.5.2, with same references.

Table 5.19: Input DC/DC values taken from Totem-pole calculation.

Current levels Totem
Full-bridge | Vin [V] | Iin [A]
4A 400 2.381
6A 400 3.445
8A 400 4.474
Half-bridge | Vin [V] | Iin [A]
4A 400 2.381
6A 400 3.445
8A 400 4.474

Transistor
The selected MOSFET was R6004KNX [143]. According to equation 4.11 and
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equation 4.12, the duty cycle was close to be 0.5 for the switches at both Half-bridge
and Full-bridge. The conduction losses for the Half-bridge converter were

Pconduction,half = RDS,on X ID(mQ x D =0.98 x 23811252 x 0.5 = 2.77818W (549)

where the Rpg,, are the drain-source on-state resistance taken from datasheet
[143],[156]. Ip,y, is assumed to be the input DC/DC current.

The conduction loss was the same also for the Full-bridge converter. The switching
loss for Half-bridge could be calculated as

Pswitching,half =0.5 x V;lc X [dc X (t?“ + tdon + tf + tdOff) X fsw- (550)

Prsitchingnaty = 0.5 x 200V x 23811254 x (80ns) x 200kHz = 3.8098W  (5.51)

and the switching loss for Full-bridge could be calculated as

Prsitehing fun = 0.5 X 400V x 2.381125A x (80ns) x 200kHz = 7.6196W.  (5.52)

The total losses for one transistor in Half-bridge converter

Boss,half - Pconduction,half + Pswitching,half = 2.77818 + 3.8098 = 6.58798V. (553)

The total losses for one transistor in Full-bridge converter

-Ploss,full - Pconduction,full + Pswitching,full = 2.77818 + 7.6196 = 10.39778W. (554)
The total losses at half a cycle, thus for the Full-bridge, two transistors turned on

simultaneously and for the Half-bridge one transistor turned on at a time.

Ptot,half - Pconduction,full + Pswitching,full - (277818 + 38098) = 6.98798W. (555)

-Ptot,full =2x Pconduction,full + Pswitching,full =2 X (277818 + 76196) = 20.79556W.
(5.56)

Output diode-bridge

The selected diode was C3D03060F at a switching frequency of 200 kHz.

For the Full-bridge, the current from secondary winding is 3.969776 A which was
utilized to calculate the diode rectifier output current 1.
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2% V2 x Ipus
T

Idc

= 3.5T4A. (5.57)

The conduction losses for the diode rectifier bridge during a half-cycle was calculated
as

Pronduction =2 X Vi X Ige = 2 x 1.8V x 3.574 = 12.866594W (5.58)
where the voltage drop Vr=1.8 V was taken from datasheet.

To calculate the switching losses,

Pswitchmg - (Eon + Eoff) X fsw ~ Eon X fsw (559)

Eon = Qrr X VR (5.60)

where the values of the reverse recovery current QQrr are given from a datasheet.
However, since there is no reverse recovery charge for the for SiC diode, the switching
losses became low. Therefore, these losses were assumed to be neglected [157].

In the output rectifying diode bridge, two diodes are conducting simultaneously,
hence the total losses became

Ploss,full = (Pconduction + Pswitching) = 12.866594W. (561)

For Half-bridge the output diode bridge current is 3.29268 A, hence ;. became
2.96445 A. The same calculations were proceed for the Full-bridge. The conduction
losses then became

Pronduction =2 X Vi X Ig. = 2 x 1.8V x 2.96445 = 10.6720327W (5.62)

with the switching losses neglected, the power loss is obtained with

Ploss,half = (Pconduction + Pswitching) = 10.6720327V. (563)

Inductor
The inductor loss for the the Full-bridge became

Pioss.putt = a2 x DOR = 3.574054 x 0.005 = 0.06386931W (5.64)

where the DCR value was collected from datasheet

Plosspaty = Lae> x DCR = 2.96445% x 0.005 = 0.043941V . (5.65)

Output capacitor
When calculating the DC-link losses [69] for the Full-bridge, the reactance was
required, which was obtain with the expression

. 1 - 1
C2XTX fou xC 21 x 200kHz X 33uF

— 0.02411W. (5.66)
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Then equivalent series resistance (ESR) was calculated

ESR = tand x X, = 0.25 x 0.02411W = 0.006028TV. (5.67)

where tand was collected from datasheet [149].
The output current is determined from

Poutinductar o 899.1339W

Lot = = = 2.36614A 5.68
! Vout 380V (5.68)
Now the losses could be found using

Pioss = Lo rus® X ESR = 2.4*A x 0.006028W = 0.03472291V. (5.69)

where I, s Was assumed to be similar in size to the output inductor current.

For Half-bridge the output inductor current was

Pout,inductor o 923.699W
Vo 380V

Now the losses for the capacitor at Half-bridge was obtained using

— 2.430787A. (5.70)

]out -

Pioss = Lo rius” X ESR = 2.430787° A x 0.0042328W = 0.025010716W.  (5.71)

Transformer

The transformer has been selected according to several reasons. Partly because to
minimize the size and receive high efficiency in order to gain optimal heat develop-
ment.

A transformer material was selected to be 3F3 since it was used for 40-420 kHz [6].
Also, a transformer core was selected as ETD49/25/16-3F3. This transformer core
has an area of 211 mm? and a core diameter of 16.39 mm. ETD core includes a
round core, which implies that the winding resistance will decrease.

The maximum saturated flux density for soft ferrite material is 0.35 T. Hence,
B,, was a value lower than 0.35 T. For a switching frequency of 200 kHz and
temperature of 100 °C, a flux density of 150 mT was assumed to be reasonable.

To be able to choose a suitable transformer core size a comparison was made,
see Table D.2 and Table D.3 in Appendix D.

To calculate the transformer losses, Half-bridge was selected to perform a com-
plete calculation and could then be compared with the Full-bridge. The formulas
below are calculated for Half-bridge at current level of 4 A. The number of turns
was obtained by first calculating the turns per volt that are required

1

1. =
4.44 X fo, X By, X A

= 0.03558T"urns/volt (5.72)
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where T, is ﬁ, Vina is induced voltage. The value 4.44 represents a sinusoidal
waveform, A, is the core area and the B, is the maximum magnetic flux density [100].

Thus, the number of turns in primary winding was given by the expression fol-
lows as

N, =T, x V, =0.03558 x 196.06V = 6.97 ~ Tturns (5.73)
where V, is the voltage in the primary winding, with a value of 196.06 V collected
from simulation. The secondary winding turns are

Ny =T, x Vs = 0.03558 x 380V = 13.52 =~ 14turns. (5.74)

The skin depth (d) was calculated in order to see how large area of the wires should
be designed when considering the skin effect. The skin depth was calculated by

B 1
_\/7T><,u0><0'><f5w

where 11 is the permeability in vacuum and o is the conductivity in copper [6].

d

= 0.000145897m =~ 0.1458mm (5.75)

From the skin depth d=0.1458 mm, the diameter of wire where the all part of
wires is used became 0.2918 mm, thus the area was 0.066 mm?. However, to increase
the concentration of current density of the calculated wire size, the diameter was
selected to be < 0.1 mm.

The window area is the amount of space that the wiregy,qe. can conform inside the
core. This area was calculated as

A, = by X hyy = 186.43mm? (5.76)
where width b,=10.3 mm and height h,,=18.1 mm was selected from the datasheet
[158].

The maximum area that the copper wire was dimension with was obtained with

ke X Ay

Aimas = = 2.663mm?> 5.77
: N, + N, mm (5.77)

where k., is the copper fill factor, which for Litz wire has the value of 0.3 [6].

The copper wire area should be less than 2.663 mm?. From datasheet, a Litz-

wire is selected with a diameter of 0.1 mm and with 270 number of strains, which
became an area of 2.545 mm?. Litz wire is often utilized at high frequencies in order
to reduce the losses.

The core girth of the transformer was defined by

Girth = Deyre X ™ = 16.39 x m = 51.522mm (5.78)
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where the diameter D.,..=16.39 mm from the datasheet [158].
The length of the wire was calculated as

L = Girth x (N, + N,) = 51.522 x 21 = 1081.96mm ~ 1.08m (5.79)
Thus for the length of the wire on the primary side, was expressed by

L, = Girth x N, = 360.654mm =~ 0.36m. (5.80)

The length of the wire on the secondary side was expressed by

L, = Girth x N, = 721.308mm =~ 0.72m. (5.81)

The size of the transformer was estimated by obtaining the volume by

V =1xbx h=19727.39mm* ~ 19.7cm? (5.82)
where the transformer length=48.7 mm, height=24.7 mm and width=16.4 mm from

the datasheet. With an added I-core, the volume became 25 cm?.

When calculating losses, the focus was on the major losses of the transformer,
located in the winding and the core. There are other losses as well, however, they
are significantly low in this case, that they are assumed to be neglected. The losses
were calculated by

[)loss - Pw + Pcore~ (583)
To calculate the winding losses P,,, the wire resistance is needed

Peu X Lp

Ruire = — 0.002381Q (5.84)
Acu,bundle
cu Ls

Ruires = 2525 — 0.0047620) (5.85)
Acu,bundle

where p., is the electrical resistivity of copper with the value 1.68 x 1078, and the
copper wire area of the bundle was 2.5447 mm?.
While the R4 was obtained with the expression as follows
Rijep = (MTL) x Np X Ryjirep = girth x 7 x 0.002381 = 0.085872 (5.86)
Ries = (MTL) X Ns X Ryires = girth x 14 x 0.004762 = 0.34349 (5.87)

where MTL is the mean turn length, which is assumed to be close to the girth value
[101].

With R4. known, the winding loss could be calculated

Pup = Racp % Inars,” = 3.723928W (5.88)
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where Irars, was the input transformer current taken from simulation, 6.585366 A.
To calculate the P, s the Irys s was needed

7
]RMS,s = ]RMS,p X ﬂ = 3.29268 A. (589)
Pus = Raes X Ipns.s® = 3.724029W . (5.90)
P’w,tot — 7447958W (591)

To calculate the magnetic loss density Py, Steinmetz equation was implemented as

Py =k x f*x B =104TmW /em? 5.92
peak

e

where k, a and d are constants depending on what type of core material and frequency
is used [98]. In the selected core, there is Ferrite material 3F3, thus the constants
are k =25 x 107 a = 1.63, d = 2.45 [103].

The volume of the core was calculated from and the values found in the datasheet
[98]. This gave

Viore = Acore X Height = 211 x 18.1 = 3819mm?. (5.93)

The core losses were then calculated by

Prore = Py X Vigpe = 1.047 x 3.819cm® = 3.999W . (5.94)

This gave the total losses as

Pross = Py + Peore = 7.447958W + 3.999 = 11.446958W . (5.95)

For Full-bridge the transformer losses became

Pup = Raep X Ipass,p = T.795417TW (5.96)

where Irpss, is the input transformer current collected from the simulation, 3.705125
A.

To calculate the P, s the Iryg s was needed

Inus.s = Trsy X 174 = 3.969776 A. (5.97)

Puss = Raes X T2yyg, = T.T9548W. (5.98)

P sor = 15.590917. (5.99)

Ploss = Py + Proope = 6.99 + 3.999 = 19.58991 . (5.100)

The values for P, are shown in Table 5.20, where the values for both Full-bridge
and Half-bridge at the current level 4 A is shown.
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The different current levels at both Full-bridge and Half-bridge has been calcu-
lated by utilizing the same presented equations. This is shown in Table 5.20.

Table 5.20: Calculated transformer parameters for different configurations and
current levels for Totem-pole.

Totem-pole Full-bridge | Half-bridge
Parameters | Unit | Equation 4A 4A
N, [Turns] (5.73) 15 7
Acumaz [mm?| (5.77) 1.928 2.663
L, [m] (5.80) 0.773 0.361
Ly [m] (5.81) 0.721 0.721
Ryirep [m] (5.84) 7.347 2.381
Ruyire s [mQ] (5.85) 6.858 4.762
Ricp Q] (5.86) 0.5678 0.0859
Ric.s Q] (5.87) 0.4947 0.3435
Py, (W] (5.88) 7.795 3.724
P, s (W] (5.98) 7.795 3.724
Poss (W] (5.95) 19.589 11.447

5.5.4 Micro controller unit

The losses of the MCU in the LV board system was calculated according to equation
4.43 presented as

Pross = V2 X fow X Cloga = 5% x 285> x be 12 = 35.625uW (5.101)

where the maximum values were selected to obtain the worst-case-scenario considering
the losses. The switching frequency is selected to be 285 kHz, the supply voltage
of V=5V and C},,q=5 pF. These selections were based on the datasheet [37]. To
obtain the complete losses of the MCU, a scaling factor of 2 is multiplied with the
losses for one pin. This gave the total power losses of the logic board as 71.25 uW.
Since this loss value was considered to be low, this could be neglected in further
calculations.

5.5.5 Summary of loss calculations

In comparison between Boost and Totem-pole, Table 5.21 and Table 5.22 shows that
Totem is more efficient and has lower power losses.
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Table 5.21: Efficiency - Boost.

Boost
Units | 4A 6A 8A
Pin W] | 97826 | 1413 | 1847.8
Pout (W] 950 | 1375.68 | 1787.15
Ploss (W] 28.26 | 37.36 60.68
Efficiency | [%] | 97.11 | 97.36 | 96.72
Table 5.22: Efficiency - Totem-pole.
Totem-pole
Units | 4A 6A 8A
Pin (W] 97826 | 1413 1847.8
Pout (W] | 95245 | 1378.12 | 1789.60
Ploss (W] | 25.81 | 34.92 58.23
Efficiency | [%] | 97.36 | 97.53 | 96.85

From calculations a summary is shown in Table 5.23.

Table 5.23: Loss comparison of the four configurations.

Equation | 4A \ 6A \ 8A

4A | 6A | BA

Ploss [W] Ploss [W]
AC/DC: Totem-pole Boost
Input rectifier
diode bridge (5.26) 11.1 16.2 27.3 14.55 | 17.69 | 31.83
Inductor (5.41) | 344 | 226 | 3.36 | - - -
Diode (5.32) - - - 8902 | 12.17 | 17.30
Transistor (5.37) 11.1 16.2 27.3 4.78 7.47 11.54
DC-link (5.45) 0.175 | 0.268 | 0.212 | 0.031 | 0.117 | 0.0102
DC/DC: Half-bridge Full-bridge
Transistor (5.53) 6.588 | 11.875 | 15.575 | 20.796 | 33.258 | 41.082
Transformer (5.95) 11.447 | 20.584 | 31.688 | 19.589 | 30.842 | 47.875
Qutput rectifier [ o o1y |10 679 | 24.773 | 32.008 | 12.867 | 26.262 | 33.576
diode bridge
Inductor (5.65) 0.0439 | 0.0783 | 0.098 | 0.064 | 0.0879 | 0.144
Output capacitor (5.69) 0.025 | 0.051 | 0.086 | 0.034 | 0.069 | 0.116

5.5.6 Topology selection

Considering all essential factors, weight, efficiency, PF, THD and power losses based
on previous results, it was more favorable to select a Totem-pole than a Boost
configuration for the AC/DC converter. Therefore, a Totem-pole was selected for
further investigation. However, if the cost was taken into consideration, it would be
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more preferably to selected Boost since it was a less costly alternative. From here
on out, the AC/DC converter with Totem-pole was conducted in further investigation.

With the AC/DC selection made, the comparison between Half-bridge and Full-bridge
is shown in Table 5.24 and Table 5.25.

Table 5.24: Efficiency - DC/DC - Totem.

DC/DC Half-bridge - Totem
Units | 4A 6A 8A
Pin (W] | 952.45 | 1378.12 | 1789.60
Pout (W] | 923.67 | 1320.76 | 1710.14
Ploss (W] | 28.77 | 57.36 79.46
Efficiency | [%] | 96.98 | 95.84 | 95.56
DC/DC Full-bridge - Totem
Pin (W] | 95245 | 1378.12 | 1789.60
Pout (W] | 899.10 | 1287.64 | 1666.81
Ploss (W] | 53.34 | 9048 | 122.79
Efficiency | [%] | 94.39 | 9343 | 93.14

Table 5.25: Total power loss - Totem-pole + DC/DC alternative.

Power losses [W]
4A 6A 8A

Totem 25.81 | 34.92 08.23
Half-bridge | 28.77 | 57.36 | 79.46

Total: 54.58 | 92.28 | 137.69

Totem 25.81 | 34.92 58.23
Full-bridge | 53.34 | 90.48 122.79

Total: 79.15 | 125.40 | 181.02

The Half-bridge has the lowest power loss and has slightly higher efficiency as shown
in Table 5.24 and Table 5.25. The weights between Half-bridge and Full-bridge were
relative similar. Therefore, the weight was considered to not to be a major factor in
this selection.

From Table 5.24 and Table 5.25, data for Totem-pole and Half-bridge were combined
and utilized to design the cooling system for the charger.

From the total losses, the new output power can be calculated. For Totem-pole and
Half-bridge converter at current level 4 A gave

Pout = Piyy — Ploss = 978.26 — 54.58 = 923.68W.
Efficiency is then 94.42% for the total off-board charger.

(5.102)
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5.6 Cooling system

To find an applicable heatsink for the selected circuits and components, thermal
resistance needed to be known. This was obtained through calculations based on the
equation in subsection 4.9.2.

In order to analyze the temperature levels of the components mounted on a heatsink,
the Heatsinkcalculator simulation tool was utilized. This tool is designed to be sim-
plified and to generate quick results. Since the transistors, diodes, and transformer
required to have most cooling, these components are mounted on the heatsink.

5.6.1 Heat calculations

Transistor
To avoid the operating temperature of the components exceeds 150 °C, the thermal
resistance for a transistor in the Half-bridge at current level 4 A was calculated as

T mae —Ta 150 — 40

Poes  6.588W
where the 7} 4, of 150 °C was collected from datasheet [143]. T, was selected
to be 40 °C to simulate a worst-case temperature. For the second transistor in

the Half-bridge, the Ry, jo o became 16.697 °C/W. The thermal resistance between
heatsink and ambient is

Ripjo = = 16.697°C /W (5.103)

Rinsa = Rinja — Rinje — Rines = 16.697 — 3.13 — 0.8 = 12.767°C/W  (5.104)

where the Ry, s is thermal resistance of TIM which is assumed to be 0.8 °C'/W
and the Ry, j. of 3.13 °C'/W was from datasheet [143]. For the second transistor in
Half-bridge, the Ry, 502 became 12.767 °C/W. At current level 6 A and 8 A for Half-
bridge, the thermal resistance Ry, j, and Ry, o, of the transistor is shown in Table 5.26.

Output diode bridge

To avoid the operating temperature increase over 175 °C, a thermal resistance for
one diode in the output diode bridge for the Half-bridge at current level 4 A was
found to be

Tjmaz —To 175 —40
Poss  10.672W /2

Ripjo = = 25.299°C /W (5.105)

Rinsa = Rinja — Rinje — Rines = 25.299 — 12 — 0.8 = 12.499°C/W.  (5.106)

where the Ry, j. of 12 °C'/WW was obtained from datasheet [113].
At current level 6 A and 8 A for the Half-bridge, the thermal resistance Ry, j, and
Ryp sq of the output diode bridge is shown in Table 5.26.

Transformer - selected configuration
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Since calculation of the transformers operating temperature was complex, where
the temperature distribution inside the transformer are considered to be vaguely, a
temperature estimation needed to be established. The core loss and winding loss is
turned into heat, which is dissipated in form of radiation and convection through
the exposed surfaces of the transformer.

In this formula, the total losses (core and winding) are put together, and an estimation
that the heat will dissipate the same amount at every surface of the core. To calcu-
late the temperature rise AT, a formula was used with a built-in spread-estimation.
Calculations below are made for the current level 4 A, where the temperature rise
was

PZOSS)O.S% iy 11447mW
A 153.2139cm?
where the value 0.833 has been derived from empirical data [108].

AT = ( )0-833 — 87.72255°C (5.107)

From this estimation the operating temperature was approximately

Toperating = AT + T, = 87.723 + 40 = 127.72°C. (5.108)

However, this result does not include the temperature increase with time. To avoid
the operating temperature increase over 155 °C' with time, a bigger transformer core
may be preferable. For the current levels 6 A and 8 A the operating temperature
for the transformer became above the temperature limit for the core, hence a larger
core might be needed and calculations were not conducted with those currents. A
thermal resistance for the transformer was calculated

AT 87.72255
L= = — . © ‘/1/ . 1
Rth,]a P[oss 11447W 7 66336 C/ (5 09)
Rihsa = Rinjo — Rinje — Rines = 7.66336 — 0.8 = 6.8633°C /W (5.110)

where Ry, . is the TIM that was assumed to be 0.8 °C/W.

The thermal resistance Ry, j. was not applicable in a transformer since the heat
existed in the winding and core. Thus a Ry, j. value was neglected.

The thermal resistance values for the other current levels in the Half-bridge is
shown in Table 5.26.
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Table 5.26: Thermal resistance - Half-bridge.

Half-bridge Rth,ja Rth,sa
4A 6A 8A 4A 6A 8A
AC/DC
Input diode bridge | 12.16 | 833 | 4.94 | 6.86 | 4.73 | 2.65
Transistor 9.91 6.79 | 4.03 4.11 0.99 | N/A
DC/DC
Transistor 16.697 | 9.26 | 7.06 | 12.767 | 2.48 | 1.26
Transformer 7.663 | 6.948 | 6.465 | 6.863 | 6.148 | 5.665
Output diode bridge | 25.29 | 10.89 | 8.44 | 12.499 | 6.59 | 4.94
Total 0.714 | 0.248 -

In Table 5.26, the thermal resistance values were calculated for one component, for
an instance, one diode in the diode bridge. The N/A written in the table is showing
were a negative thermal resistance value was given, thus it was unable to find a
heatsink to cool the component down rapidly enough.

With the thermal resistance values from all the components separately, they are
added together in parallel, to get one thermal resistance value as shown in equation
4.46. The results are added as a row for the total Ry, s, shown in Table 5.26.

However, for the transformer at current level 6 A and 8 A, the operating tem-
perature is either too narrow or have exceeded the temperature limit of the core.
Therefore, at these currents levels a larger transformer core is required. The size of
the core depends on the cooling conditions.

5.6.2 Summary from heat calculations

The Ry, s, values in parallel makes the total thermal resistance between heatsink
to ambient for the current level of 4 A to be Ry sq,t00=0.714 °C/W. For 6 A the
Rin sa10t=0.248 °C/W, which resulted in a larger heatsink than desired.

5.6.3 Heatsink selection

From the calculated thermal resistance [, s, values, heatsinks were selected by
collected data from datasheets. A heatsink with thermal resistance close to the
calculated thermal resistance value was selected.

o Size of heatsink Totem + Half-bridge 4 A (0.6): 150mm x 100mm x 15mm
[159].

o Size of heatsink Totem + Half-bridge 6 A (0.23): 200mm x 200mm x 15mm
[160].

These heatsinks are selected with the intent that the thickness should be thin,
approximately 1-3 cm. A reasonable size of heatsink without using a fan for the
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Half-bridge at the current level 4 A was obtained. For the Half-bridge with a thermal
resistance value of 0.714 °C/W, a size of a heatsink became 150 x 100 x 15 mm,
where having a low thickness was taken into consideration [159]. For 6 A the size
of the heatsink became larger than desired. Thus, it was continued with just the
heatsink at current level of 4 A.

5.6.4 Design suggestion

The final design of the heatsink is illustrated in Figure 5.20, where the high heat
loads components are mounted on the surface of the heatsink. The design of the
heatsink was created in Tinkercad developed by Autodesk. This size (4 A) of the
heatsink was selected in subsection 5.6.3.

Figure 5.20: Proposed heatsink design with mounted components.

5.6.5 Heatsink simulation

With the selected topologies, the total amount of components became 18. However,
only considering the components that require cooling are 11 components. These
components are mounted on the back of the heatsink. The simulation setup is based
on the selected heatsink from ABL Components. The dimension was selected to be
H=15 mm, L=150 mm and W= 100 mm. A total of N=18 fins, where b=4 mm is
the thickness of the base plate of the heatsink, and the size of each fin is estimated
to be t=2 mm [159], [162]. This is graphical presented in Figure 5.21.

H=15 mm

- W=100 mm >

Figure 5.21: Dimension of selected heatsink with mounted components.
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The material selection was anodized aluminum (6063-T6), thus the surface emissivity
was assumed to be 0.85 [163]. Natural convection was selected for this test. The
junction to case thermal resistance Ry, ;. was selected from data sheet. It should be
noticed that this test was simulated during one cycle, implying the all components in
the bridge should have power dissipation. This is since the current flow is alternating
between each pair of the diodes at the frequency of the current. The maximum
temperature limit is 175 °C for the diodes, 150 °C for the MOSFETSs and 155 °C for
the transformer core. Various TIM was tested with insignificant impact on the result
[161]. Thus, a TIM with 0.18 mm thickness an a thermal conductivity 1.2 W /mk
was selected. This heatsink with the components are presented with heatsink-base
temperature and heat radiation shown in Figure 5.22.

Heat Sink Base Temperatura [*C]

Figure 5.22: Heatsink simualtion without fan.

The temperature of the components with natural cooling exceeded their maximum
limits, is listed in Table 5.27.
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Table 5.27: The temperature of the components with natural cooling.

Power source Tuvg [°Cl | Tinaz [°C]
Transformer 291 292
Totem MOSFET 1 277 278
Totem MOSFET 2 277 277
Totem Diode 1 269 270
Totem Diode 2 271 272
Half-bridge MOSFET 1 227 228
Half-bridge MOSFET 2 230 231
Half-bridge Diode 1 272 273
Half-bridge Diode 2 271 272
Half-bridge Diode 3 275 276
Half-bridge Diode 4 268 269

To possibly mitigate these high temperatures, a simulation with natural convection
included with a larger heatsink size was conducted. The heatsink size was increased
from 100 x 150 x 15 mm to 200 x 200 x 25 mm. Although, even with the increased
size, the temperature of the components exceeded their limits as well. Additionally,
it was observed that this heatsink was larger than desired module for the off-board
charger. The results of this simulation are shown in Figure E.1 and Table E.1 in
Appendix E.

Thus, simulation with forced cooling needed to be tested. With a fan implemented
to the heatsink, the temperature levels reduced rapidly, as shown in Figure 5.23.
Each fan was regulated to a speed of approximately 3.9 m/s, by use of assumed
installed speed fan software inside the LV board system. The fan size is 30 mm in
diameter [164]. Tt is assumed that LV system inside the charger is supplying the fan
with 12 V DC.
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Heat Sink Base Temperature ["C]

Figure 5.23: Heatsink simulation with fan.

Where the components temperature is shown in Table 5.28.

Table 5.28: Temperature of the components with forced cooling.

Power source Tovg [°C] | Thnaw [°C]
Transformer 149 150
Totem MOSFET 1 128 128
Totem MOSFET 2 127 128
Totem Diode 1 122 122
Totem Diode 2 122 122
Half-bridge MOSFET 1 84 84.4
Half-bridge MOSFET 2 84.7 85.1
Half-bridge Diode 1 127 127
Half-bridge Diode 2 126 127
Half-bridge Diode 3 128 128
Half-bridge Diode 4 125 126

As shown in the table, the components temperature is now within the respective
components maximum limits.

5.7 Final design

For the final design of the module, the HV system consisted of an AC/DC converter
with Totem-pole PFC and a DC/DC Half-bridge converter. The LV circuit board
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was estimated to be 40 g to find an applicable size same as the heatsink [165].

Three fans were selected and mounted at one side of the heatsink in order to
ensure that the wind speed is distributed equally over the heatsink. One fan was
considered as well, however, it required too much space in the design. The heatsink
is functioning as the roof to enclose the module. The diodes, transistors, and trans-
former are connected to the circuit board with isolating wires that are twisted
together to mitigate the EMI that might appear. Furthermore, the components
could be mounted closer to each other to minimzed the interference more.

Regarding the efficiency and power losses. The OBC has an efficiency of 92 %
at 4 A, while the off-board charger obtains 94 %. To illustrate graphically how the
final module could look like, the electric power components are mounted on a printed
circuit board (PCB) and on the heatsink. The proposed module of the off-board
charger is shown in Figure 5.24.

Figure 5.24: The proposed module of off-board charger.

The circuit diagram of the proposed off-board charger is shown in Appendix A in
Figure A.2.

By including LV circuit board, 40 g, the 4 m cable with the desolate module
from Mennekes, 1640 g, 3 connectors, 291 g, 3 fans, 21.78 g, heatsink 344 g, power
electronics including the 2 EMI-filters 207 g, and enclosed walls of the module,
estimated to be 257 g, gave a total weight of 280.78 g = 2.8 kg of the off-board
charger. The module itself has a weight of 1160.78 g=1.16 kg.

Since both OBC and the charging cable from Mennekes are utilizing IP67 as ingress
protection, it was assumed that this off-board charger is equipped with IP67 as well.

Compared to the weight of power electronics components in the OBC, the compo-
nents in the off-board charger were 87 % reduced in weight. In relation to the cooling
system, it was 59 % minimized in weight. The total weight of the off-board charger
was 30 % reduced. While the volume of the module itself was 69 % smaller than the
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OBC. The size comparison is shown in Figure 5.25.

Figure 5.25: Comparison between OBC and the off-board charger module.

A charger with a 4 A input was more preferable to obtain the smallest possible size.
The final design specification for this selected off-board charger are listed as:

e Power input: P;,= 978.26 W

o Power output: P,,;= 923.68 W

« AC/DC switching frequency: fy, = 150 kHz

« DC/DC switching frequency: fg, = 200 kHz

o Total harmonic distortion: THD = 12.21 %

o Power factor: PF= 0.954

o Efficiency: n=94.42 %

o Total weight: 2.8 kg (1.64 kg cable + 1.16 kg module)
o Cable length: 4 m

 Estimated dimension (without enclosure): 16 x 10 x 6.4 cm
o+ Estimated volume (module): 1024 cm?

« Power density = 923.68 W /2.8 kg

o Cooling system: Heatsink with 3 fans

o Ingress protection: IP67

5.8 Nozzle design

To deliver DC from the nozzle to the EVI of the vehicle, the design of the nozzle
was needed to have a proper interface configuration. Since this charger was designed
for the European market, it was likely to use a similar interface configuration
arrangement that is represented in row two, type 2 for DC connectors shown in
Table 4.9. Since the communication protocol between the HV battery and OBC
existing today is utilizing CAN-bus, it was assumed to use CAN communication as
protocol as well as for the off-board charger. This would simplify the communication
between the charger and the HV battery. Thus, this type of connector has a total
of four contacts: 2 power contacts (+DC and -DC) and two communications pins
(CAN+ and CAN-). The pin configuration for the charger is shown in Figure 5.26.
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CAN+ CAN-

\ /

AN /

® &

+DC -DC

Figure 5.26: Feasible nozzle design connector with the pin configuration for the
off-board charger.

A simplified schematic of how the new arrangement for how the final charger can be
integrated with the vehicle is illustrated in Figure 5.27, where CAN communication
is utilized.

AC outlet
Schuko connector DC nozzle

DC
L1 e, 3
N DC- Sty
- PE AC/DC conversion CAN+ i‘:_
CAN-

Off-board charger

Figure 5.27: Data communication in the off-board charger integrated between a
wall socket and a PHEV.

To summarize the working operation of the off-board charger: from the AC power
outlet, the charger is connected with a schuko connector. The AC power is transferred
along the cable to the conversion module where the AC is converted to DC. The DC
power including communication data through, CAN+4 and CAN-, are transmitted to
the DC nozzle. The nozzle is connected to the EVI of PHEV, where the DC power
charging the HV battery. This established communication line between the battery
and the charger is vital since the charger needs to know when to start and abort
the charging process. The CAN bus system is initiated as soon as the HV battery
approves the established line. This is based on subsection 4.7.5.
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Discussion

6.1 Electrical performance

In accordance with standard regulations and the desired target design specification,
the off-board charger passes most of the parameters. For 4 A, the PF became 0.954
with an efficiency of 94.42 %. This efficiency was similar in comparison to the OBC.
However, the THD became 12.21 % and exceeded the allowed limit. This was likely
due to distortion in the input current, which indicated that PFC was not optimized
and since the fact that filter was not implemented to the simulation. However, it
was observed that THD is decreasing with a higher current, simultaneously gave
a higher PF. Compared to the design specification of the OBC, a higher PF was
obtained with 8 A input.

Since the HV battery was not simulated, the duty cycle was fixed. However,
it might have affected the results for both simulation and calculations since the
charging level of the battery might have required a varying duty cycle. This would
likely have increased the power dissipation in the components with a duty cycle that
is active during an extended time.

It was noticed that the output voltage is decreasing with higher current, which
was unexpected since the components were designed for a constant voltage. However,
this can be due to the selected IC PFC controller can only obtain a maximum output
power of 1500 W. This implied that when the output power was approaching this
limit, the voltage and current started to decrease. For the case with 4 A, it appeared
to show reasonable output from all converters. This suggested that a different IC
PFC was needed to be implemented for higher currents.

Since the simulation parts was not connected together, there might have been
some deviation in the results due to an existing ripple that was generated from the
AC/DC stage. However, this ripple is assumed to be removed from the DC/DC
converter stage. The simulation results in DC/DC converter could also be improved
by implementing an ideal diode bridge controller that improves the efficiency and
mitigate the power dissipation.

In comparison to the OBC that has a power density of 1 kW /kg, the off-board

charger reached a power density of 924 W /2.8 kg with 4 A input. Since it was proved
that a higher current resulted in increased weight, the input current might need
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to be decreased in order to reduce the weight further. However, this would likely
extend the charging time of the HV battery.

Since EMI levels were not investigated in this project, and the selected switch-
ing frequencies and their harmonics affected the EMI levels, it was not possible to
foresee how many filters were required for the charger. To determine the number of
filters, it is likely that a prototype needs to be built in order to actually measure and
study the noise spectrum more accurately. By then, it would be possible to design a
sufficient filter system for the charger.

Since the cost was not considered to be priority, the selection of the topologies
towards the final charger might have been different. This would likely not change
the size and weight significantly since these data are similar.

6.2 Heat and thermal losses

Calculations for some heat dissipating components were complicated and in certain
cases difficult to make correct assumptions. One example of this could be how the
heat within a transformer was being distributed. Another example can be how large
safety margin is required in regard to the temperature inside the charging module
compared to the ambient temperature.

The transformer’s operating temperature at current levels 6 A and 8 A, were above
the temperature limit for the core, and could therefore not calculate results for a
heatsink size.

Transistors belongs to one of the most heat dissipating components, and the calcula-
tions were based on information from datasheets. However, since the shortage of
time, the most optimal components might not have been found. Hence measurements
on a prototype model will be necessary.

If LTspice offered more variety of components, Rpg(n) could have been consid-
ered, since it was more favorable to have Rpgn) to be as low as possible to reduce
conduction losses. However, it should be noted that a too low Rpg(on) leads to higher
switching losses.

It was necessary to have fans towards the heatsink to obtain an optimal cool-
ing effect, which gave a 21 dB level in noise during operation. This noise level was
low; therefore it would not be treated as a distraction object. However, it should be
taken into consideration that a small fan generates higher noises than compared to a
larger fan. Additionally, it should be highlighted that a fan with wider diameter,
would transmit a higher amount of air. Furthermore, a survey of other external
charger should be conducted to analyze what other cooling implementation are
utilized, and in that case, if these cooling alternative are accordingly to international
standards.
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The heatsink was placed as a roof on the off-board charger module, for the heat to
distribute better. However, since forced cooling was needed, the placement of the
heatsink can be relocated as a wall instead. In that case, it could have been possible
to shorten the wires between transistors/diodes and the circuit board. Moreover,
since other cooling implementation was not considered, a deeper study is required
to analyze what cooling implementation alternative could be utilized for external
charging.

6.3 Weight and size

A comparison between the OBC, the size of the module from charging cable from
Mennekes (blue rectangle) and the proposed off-board charger design size (red
rectangle) is shown in Figure 6.1. Concerning the weight, the Mennekes cable had a
total weight of 1.9 kg, while the off-board charger had a weight of 2.8 kg. That is
corresponding to a 32 % weight reduction.

Figure 6.1: Comparison between size design. From left to right: OBC, off-board
charger and module from Mennekes.

Regarding to their dimensions, they are listed as follows:

« OBC: 6.8 x 19.2 x 25.5 cm (3329.28 cm?)
o Off-board charger module: 16 x 10 x 6.4 cm (1024 cm?)
e Mennekes module: 5.2 x 24 x 10 cm (1248 cm?)

From the list, it is observed that module for the off-board charger became larger
in size compared to the reference design. However, the selected heatsink was "off
the shelf", which required a customized heatsink design size close to the aimed size.
To decrease the volume of the design further, a fan with higher wind speed could
be implemented, thus it would presumably be that a smaller sized heatsink is required.
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It was observed from the results that a higher input current supplied to charger
increased the weight and volume of the power electronics components. Thus, by
reducing the input current, to 1-2 A instead, would likely result in an even smaller
design. However, this might extend the charging time and decreased the efficiency.

Another suggestion to reduce the size further of the module is to increase the
switching frequency to 350 kHz for the DC/DC converter. This might have worked,
but it would likely result in higher switching losses and larger distortion. Further-
more, it might be feasible to research if an inverter could only be implemented after
the DC-link to charge the HV battery. This implies that galvanic insulation may not
be required, and it would probably reduce, size, weight and losses significantly of the
charger. However, further investigation regarding the safety without this isolation is
desirable.
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Conclusion

This research investigated if it was possible to relocate the OBC from a PHEV
and redesign it into a compact AC/DC module for a portable off-board charger, in
order to save space and weight inside the vehicle. With all the assumptions and
estimations made within this project, it was concluded that is was feasible to design
a 4 A off-board charger with having size and weight of 1024 e¢m? respectively 2.8
kg. This charger was 30 % respectively 69 % smaller in weight and size compared
to the Geely OBC. Comparing only the module itself with the OBC, there is a
weight reduction of 71 %. Thus, it was relatively close to the aimed charger from
Mennekes in terms of size. With the selected topologies for the power electronic
system, resulted in an efficiency of 94.42 %, a power factor of 0.954, and THD level
of 12.1 %. This gave a maximized output power of 924 W.

The cooling system was 59 % lighter in weight compared to OBC, where both
a heatsink and forced convection, in forms of fans, has been implemented to mitigate
high heat levels below 150 °C and thereby avoiding damages on the power electronic
components.

7.1 Future work

Concerning alternative cooling implementation, one future work could be to utilize
the chassis of the vehicle itself as a cooling surface for the external charger. This
would imply that it is not possible to have an active cooling system (fans or pump).
Thus, a passive system would be appropriate to use during the charging process. The
principal is to attach the module of the off-board charger to the vehicle, as close as
possible to a cooling surface. A heat absorption area is collecting all heat dissipation
and distribute it along cooling pipes with coolant to the cooling end. A suspension
system could be used to press the cooling end against the surface to maximize the
cooling effect. This charger would likely to have only one cable from the outlet since
a cable between the module and the EVI means that the thermal dissipation needs
to travel a long distance and that pipes would result in a larger cable. Depending
on how effective this is, it may work for an external charger with a higher power level.

A small investigation of narrowed AC/DC and DC/DC converters was conducted.

However, it would be interesting to do a larger review of different topologies to find
a more optimal circuit. In that case, the cost could be taken into consideration.
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Since the weight of the off-board charger is heavier than the Mennekes charg-
ing cable, due to it is designed for an input current between 4-8 A, an investigation is
required to further analyze if the cable itself could be minimized. For an example, the
cross-sectional area could be designed for a current level of 4 A. Another suggestion
could be to reduce the length of the cable, as it may not be necessary to have
a 4 m. In a need of a longer cable length, an extension cord could be attached.
Hence, a lighter weight might be obtained. Furthermore, to decrease the number of
components even further, the diodes and transistors included in the bridges could be
replaced with IC-circuits to save more space and weight.

Furthermore, an investigation of material such as silicon carbide (SiC) and gal-
lium nitride (GaN) to the switching devices is needed since the cooling can be
reduced because of their higher efficiency.

The components should have been selected with more caution to ensure that the
selected components in calculations and simulation are the same to obtain more
accurate results. To reduce the switching on losses, a zero-voltage switching (ZVS)
circuit could be implemented in LTspice for the Full- and Half-bridges. Regarding
the thermal analysis, an advance software like COMSOL Multiphysics could be
utilized instead for Heatsinkcalculator. This would likely give a higher accuracy
since COMSOL offer more options and tools. Additionally, an investigation could
be conducted if other types of heatsink could be implemented and how that would
affect the thermal analysis result.

Another continuation of this project could be to construct a prototype of the proposed
charger, to observe if it could be implemented into reality. Also, to measure the
power losses from the prototype instead of using estimation calculations. Since the
charger is outside the vehicle, it is vital that the enclosure is designed to be robust
and impact resistance. For an instance, the charging cable from Mennekes is designed
to resist a weight up to 500 kg.

A final future work suggestion could be to analyze how long the charging time
would be with this charger, where a battery model could be simulated in LTspice.
This model should be modeled to be equivalent to an HV battery for a PHEV.
Alternatively, if the prototype is constructed, the charger could charge an authentic
HV battery.
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Figure A.1: Circuit diagram of the OBC Geely 8888003014 G BQS8AA from Geely

Group.
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Appendix - Components,
operation mode, topologies

Table B.1: OBC - list of the power electronic components.

Component Model nr. Amount | Temperature limit Value
Capacitor N/A 3 N/A AT uF
Capacitor N/A 3 N/A 33 pF
Capacitor RIFE PME 271 Y 6 -40 to 100 °C 47 uF
Capacitor B145 2 105 °C 100 pF
Capacitor ENSH5M 4 105 °C 270 pF
Capacitor B32924 3 110 °C, 125 °C 3.3 uF

Diode apt10scd120b 2 -55 to 150 °C N/A
Diode 40EPS08 4 -40 to 150 °C N/A
Diode N/A 4 150 °C N/A
Fuses bell30 2 N/A N/A
MOSFET FCH104N60F 2 -55 to 150 °C N/A
Inductor N/A 2 N/A 7,2 uH
Inductor N/A 2 N/A 3.65; 3.68 mH
Inductor N/A 1 N/A 188 uH
Inductor N/A 2 N/A 388 nH
Thyristor 30TPS08 4 -40 to 125 °C N/A
Temperature sensor NTC N/A 8 N/A N/A

Transformer N/A 1 N/A 1.5 mH

Transformer N/A 1 N/A N/A
Varistor N/A 2 N/A N/A
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Table B.2: Charging cable - list of the power electronic components.

Component Model nr. Amount | Temperature limit Value
Capacitor B41896 2 -55 to 125 680 puF
Capacitor N/A 2 N/A AT pF
Capacitor N/A 2 -40 to 125 °C N/A
EEPROM 25LC160 1 N/A N/A

Fixed inductors N/A 3 N/A N/A
Fuse T2AL 3 N/A 250V
IC chip M430F247T 3 -40 to 105 °C N/A
Voltage regulators 9L12A 1 N/A N/A
Capacitor N/A 2 105 °C 18 uF
Optocoupler TCLT1003 1 -55 to 125 °C N/A
Optocoupler SFHG6286-3V 2 N/A N/A
PCB B82720-52301-N40 1 N/A 0.3 A, 250V
Realy /switch PCFEFN-112H2MG 3 N/A N/A
Relay G6DS-1A-H DC5H 2 N/A N/A
Inductor N/A 2 N/A N/A

Transformer N/A 1 N/A N/A
Varistor N/A 8 N/A N/A

Transformer N/A 1 N/A 1,5 mH

Transformer N/A 1 N/A N/A
Varistor 4032K275 1610 2 -40 to 125 °C N/A
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Table B.3: Comparison between switching devices MOSFET and IGBT [41], [42],

[43].

Switch device

MOSFET

IGBT

General info:

Voltage range of 250-1000 V
if fsw is in the range
200-1000 kHz.

Voltage range of 250-1000 V,
if fsw is 1-20kHz.

<500 W output power.

>5 kW output power.

Long duty cycle.

Low duty cycle.

ZVS below 1000 W.

Operation at high junction
temperature (>100 °C)

Wide line or load variations.

Narrow or small line
or load variations.

Majority carrier device.

Minority carrier device.

Lower on-state losses,

across the drift region.

Advantages: | because of the transistors Turn on and off rapidly.
on-state resistance has 'no limit’.
Operates at high frequencies, Generates large power pulses.
due to absence of minority [ts pulse repetition frequency
carrier transports. gets into the ultrasonic range.
Perf(‘)rm' fast sztCh1ng Improved production
applications with little .
techniques, hence lower cost.
turn-off losses.
Higher commutation speed Low on-state losses and
(at low voltages). switching losses.
Higher efficiency Higher voltage and
(at low voltages). current handling capability.
Lower thermal impedance, Lower on-state voltage drops
hence better power dissipation. due to conductivity modulation.
Elimination of the current tail.
Simple drive.
At low power, low losses.
Transient time of electrons Reduction in on-state voltage
Disadvantages: can cost the IGBT to experience

slower switching speed at turn-off.

The time required to
charge/discharge the input
gate and "Miller’ capacitances.

Large current tail, at turn-off until
the recombination is complete.

High conduction losses
when operating at 13 A.

No body drain diode.

Negative temperature coefficient,
could lead to thermal runaways.
Thus making it difficult efficiently
achieve paralleling of devices.
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Table B.4: Comparison of different operation modes such as CCM, DCM and CrM

[71],[72],[73].
oo | ccu o | oo
?rvg(llt:;l:lzi Fixed Variable Fixed
siress; Switeh Average High High
sﬁ‘zz?%lforge High Low Low
*High losses,

*Low losses,

due to large
current ripple.

High losses,
due to large
current ripple.

Advantages

which makes it

easier to filter.

*Reduced conduction
losses.

*Low di/dt,

easier to remove EMI.
*Cost better at

higher power levels.

Component due to .low “High EMI. .
stress: Inductor current ripple. Lower L value Lower L value,
* ) : .
Low EMI which results in inv‘flkcl);f/};rrg;gits
lower energy &Y
*Functioning at o
fixed frequency, *L?)I\jvnlc?cl)z‘t

*Small inductor.
*Low energy.
*Low cost
for lower
power levels.
*Improving power
density

*Fixed frequency.
*Stabillity.
*Small inductor.
*Low energy.
*High efficiency

*High peak

Disadvantages

*Large inductor value.

*High energy.

*Stage synchronisation
not possible, due to
variable frequency.

*High RMS current

current levels,
which leads to
higher losses.

VI
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Table B.5: Comparison of different PFC topologies [62],[63][64],[65].

Topology Classic Dual Boost Totem-pole Interleaved
(PFC) Boost Bridgeless Bridgeless Boost
Cost Low Medium High Medium
Power rating 1000 W 2000 W 1000 W 3000 W
Number of ; 3 5 10
components
*Good *Good
efficiency. thermal
I%EVVZ cost. *Few design.
components components. *Small
e P ' *Inherent output
Simple
control *High Z€ero current
Advantages Ro duc'e q officionc switching. ripple.
conduction Y *Reduced *Reduced
lossos conduction EMI-filter
S il . losses. volume.
EMIE—iﬁleter *Low EMI. *Reduced
' *High conduction
efficiency. losses.
*Low
utilization *With hich
"Low efficiency | rate common %node *Higher cost
*Generates high- | *Higher cost | .
. . s interference *Complex
Disadvantages | frequency noise high “High cost *High number
« .
Ir}fr}elelxsesl 5}11\4 I}/lnmse *Only possible of components
SWIRCHIIG J0mSes 181 with GaN or SiC
capacitor
ripple

Table B.6: Total capacitance at the DC-link for both Boost-and Totem-pole PFC.

Current rate | Boost PFC | Totem-pole PFC
4 A Cbank :180uF Cbank:150,uF
6 A C’bank:270,uF C’bank:190,uF
8 A Chank=323uF Chank=323uF

VII




Appendix - LTspice simulation

C

Table C.1: Output result from LTspice simulation with Boost PFC.

LTspice simulation

Topology 4A 6A SA
Gt T B o A e
atbedse| ;oo a | Teasya | Damon

Table C.2: Output result from LTspice simulation with Totem-pole PFC.

LTspice simulation

Topology 4A 6A 8A
Vo —=280.54 V Vour=281.15 V| V5, =288.52 V
Totem PEC | 717655 A | L,,=2.515 A Iu=3.324 A
. Vour =288.08 V| Vou=275.08 V| Vu=279.57 V
Full-bridge 71 0108 A L, =1.347 A Lou=1.857 A

Half-bridge

Voui=282.3 V
L,;=1.00 A

Vo =272.17 V
I,,=1.3326 A

Vout=277.88 V
I,,;=1.8458 A

VIII
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Appendix - Power losses

Components utilized for the calculations

Table D.1: Component selection for the different devices in Totem-pole, 4 A.

Device \ Number
AC/DC + Totem
Diode-bridge STPSC406
MOSFET STF10N60DM2
Inductor 2200LL-331-H-RC
Aluminum
DC-link electrolytic
capacitor
DC/DC + Totem
Transformer | EDA49/25/16
MOSFET STF10N60DM2
Diode-bridge C3D03060F

Comparison between two transformer cores

To make a comparison, another transformer core (B) called ETD34/17/11-3F3 with
a core area of 97.1mm? was selected. This transformer includes the Litz wire CLI
200/30. By using the same mathematical equations steps, as for core (A), gave the
results presented in Table D.2. The transformer core A and core B described in this
table has an assumed ratio of 1:1.

From the comparison Table D.2 it can be seen that with the larger core area
of 211mm? there will be less total losses and therefore a higher efficiency rate com-
pared to the 97.1 mm? core area size.

Flux density comparison

The different power loss and efficiency at different input current 4 A, 6 A, 8 A from
the AC/DC to DC/DC converter, is shown in Table D.3. This was calculated for
B=0.15 T.

From Table D.3, it is seen that core A has lower losses and a stable efficiency

independent on an increase in current from 4 A to 8 A. Core B are showing higher
losses and decrease rapidly in efficiency when the current increases from 4 A to 8 A.

IX
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The different power loss and efficiency at different input current 4 A, 6 A, 8 A from
the AC/DC to DC/DC converter, is presented in Table D.4. This was calculated for
B=0.1T.

From Table D.4, it is observed that core A has higher losses and a decrease in
efficiency depending on an increase in current from 4 A to 8 A. Core B are showing
slightly lower losses than core A and a decrease in efficiency when the current
increases from 4 A to 8 A.

Table D.2: Comparison between the two core of transformers.

Parameters Transformer core A | Transformer core B
Acore 211 mm? 97.1 mm?
Core diameter 16.39 mm 10.8 mm
Ny, N 14 turns 45 turns
B,, 0.15T 0.15T
Area Litz-wire datasheet 0.94 mm? 0.24 mm?
Acumaz 1.997 mm? 0.4689 mm?
A, 186.43 mm? 93.775 mm?
Volume 19.7 em3 6.39 cm?
Ryire 0.0257 €2 0.1425 Q
Ry 3.7075 Q 29.01 ©
Py 1047 mW /em? 1047 mW /em?
P, 6.942 W 54.315
P.ore 3.999 W 1.09796 W
Poss 10.941 W 55.413 W
n 98.8 % 94.2 %
Table D.3: Power loss and efficiency comparison, B=0.15 T.
Current | Ptot__ Core A | Ptot_ Core B
4A 10.941 W 55.413 W
6A 18.462 W 124.256 W
8A 28.733 W 212.494 W
n Core A n Core B
4A 98.8 % 94.2 %
6A 98.6 % 91.3 %
8A 98.3 % 88.9 %
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Table D.4: Power loss and efficiency comparison, B=0.1 T.

Current | Ptot Core A | Ptot__ Core B
4A 1715 W 12.61 W
6A 34.12 W 25.85 W
8A 57.3 W 43.90 W

n Core A n Core B
4A 98.1 % 98.6 %
6A 97.4 % 98.1 %
8A 96.7 % 97.5 %

Parameters for components

Table D.5: Totem + DC/DC half-bridge power losses.

Totem + DC/DC Half-bridge
Parameters Units 4A 6A 8A
Transistor:
D 0.5 0.5 0.5
Vde V] 200 200 200
time [ns] 80 69 55.5
Pcond (W] 2.778 4.754 10.609
Psw (W] 3.809 4.754 4.966
Ploss [W] 6.588 | 11.875 | 15.575
Output diode-bridge:
Vdrop V] 1.8 2.8 2.8
Ide [A] 2.964 4.424 5.716
Pcond (W] 10.672 | 24.773 | 32.009
Ploss [W] |10.672 | 24.773 | 32.009
Transformer:
Ploss [W] | 11.447 | 20.584 | 31.688
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Table D.6: Totem + DC/DC Full-bridge power losses.

Totem + DC/DC Full-bridge \
Parameters Units 4A GA 8A
Transistor:
D 0.5 0.5 0.5
Vde V] 400 400 400
time [ns] 80 69.0 55.5
Pcond (W] 2.778 7.121 10.609
Psw (W] 7.619 9.508 9.932
Ploss (W] 10.398 | 16.629 | 20.541
2*Ploss [W] 20.8 33.2 41.08
Output diode-bridge:
Vdrop V] 1.8 2.8 2.8
Ide [A] 3.574 | 4.6896 | 5.9957
Pcond (W] 12.866 | 26.262 | 33.576
Ploss [W] | 12.866 | 26.262 | 33.576
Transformer:
Ploss [W] |19.589 | 30.842 | 47.875

All power losses for capacitors and inductors are lower than 0.2 W, and therefore
are not presented in the tables above.

Heat characteristics for different components

Table D.7: Device characteristics, 4 A, Totem + DC/DC.

Device Rth,jc | Tj,max
AC/DC + Totem
Diode-bridge 4.5 175
MOSFET 5 150
DC/DC
Transformer - 155
MOSFET 5 150
Diode-bridge 12 175
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Figure E.1: Simulation of natural cooling on a larger heatsink size.
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Table E.1: Temperature of the components for natural cooling with a larger heatsink

size.
Power source Tavg [°Cl | Tinaz [°C]
Transformer 201 202
Totem MOSFET 1 182 182
Totem MOSFET 2 180 180
Totem Diode 1 177 177
Totem Diode 2 174 175
Half-bridge MOSFET 1 137 138
Half-bridge MOSFET 2 137 137
Half-bridge Diode 1 179 179
Half-bridge Diode 2 174 175
Half-bridge Diode 3 183 184
Half-bridge Diode 4 178 179
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