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Abstract

In this thesis, a grid connected battery charger design using SiC components with
an output voltage range of 400V to 600V is proposed. The charger is supplied by an
IEC 60309 standard 3-phase 16 A outlet and has been designed for a power output of
9kW with a maximum output current of 20 A. Different topologies that fulfil these
requirements were modelled and simulated with LTspice, using simulation models of
SiC components provided by manufacturers, and the results were compared to find
the most feasible solution.

The chosen topology consists of a boost converter with a switching frequency of
50kHz used for voltage control coupled with an LLC resonant converter operating
at unity voltage gain with a resonant frequency of 75kHz. A buck converter and a
SEPIC were also evaluated as alternative topologies. In simulations, the losses in all
active components are found to be 303.1 W in the buck based converter and 195.7 W
for the boost based converter at an operating point of 450V and 20 A output. The
results are similar for other operating points, motivating the use of a boost based
converter for the final design. The use of a boost converter for voltage regulation
allows for high power output while keeping currents low in the intermediate DC link
and the resonant circuit. With this solution the maximum voltage on the DC link
approaches 826 V and for this reason, SiC MOSFETs and Schottky diodes rated for
1200V are used.

The complete charger, including several auxiliary circuits such as DC-link pre-
charge, voltage measurements etc, has been drawn in a schematic that can be used
to create a PCB layout for manufacturing. A prototype power transformer has been
manufactured and partially tested and can be used in a future prototype of the
charger.

Keywords: Battery charger, SiC MOSFET, SiC diode, Boost converter, Buck con-
verter, LLC converter.
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1

Introduction

1.1 Background

Formula Student (FS) is an international student engineering competition in which
teams from different universities design, build and race small-scale formula style rac-
ing cars. Chalmers University of Technology (CTH) has been participating in the
Electric Vehicle (EV) class of the F'S competitions since 2015 with the team name
Chalmers Formula Student (CFS). The rules governing the design of the electric
propulsion systems in these cars allow a maximum battery voltage up to 600V [1].
For the 2017 season, CFS constructed a lithium-ion battery with a maximum voltage
of 580V, which is considerably higher than some of the most sold electric cars (in
2016) [2], such as the Nissan Leaf, Tesla Model S and Chevrolet Bolt, which all have
a maximum battery voltage of roughly 350V to 400V [3]-[5]. To charge the CFS
battery, a charger capable of delivering the maximum battery voltage is required
and therefore the commercially available ones appropriate for the above mentioned
vehicles will not suffice.

Sales of EVs has increased notably over the past six years [6], surpassing two million
units in global vehicle stock in 2016. The variation in their batteries are plentiful,
there are different voltages, capacities, temperature ratings etc, and each associated
charger has to adhere to the same ratings as the corresponding battery. Subsequently,
the number of chargers installed worldwide has increased in a similar fashion, also
surpassing two million units in 2016 [6]. Furthermore, the number of chargers avail-
able is also proclaimed as a key requirement for the continued growth of the global
EV stock [6]. As the global EV stock is projected to grow to over 200 million units
in 2030 [6], the number of chargers will also have to grow in a similar manner.

Silicon Carbide (SiC), first put to use as an abrasive in the 1890s, has in recent years
become an interesting material for semiconductor applications [7]. Devices such as
MOSFETSs and Schottky diodes made with SiC show multiple advantages compared
to traditional silicon semiconductors. SiC devices can withstand higher voltages and
temperatures while also showing a lower resistance when conducting current [8].
These properties make them highly suitable for modern EV applications, where low
mass, small size and high efficiency is important.
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1.2 Aim

The aim of the project is to design a battery charger capable of charging a lithium-
ion battery with a fully charged voltage of up to 600 V. The power output of the
charger shall be in the range of 6 kW to 10 kW and the power electronics used in the
charger shall be realised using SiC technology for active components.

1.3 Limitations

It will be assumed that the rectification of the supply voltage can be done using an
already available diode bridge rectifier providing a fixed DC voltage to the charger.
Such a rectifier will draw a non-sinusoidal current from the grid [9]. If this solution
is used, it may cause the charger to violate certain regulations regarding harmonic
currents, such as the Swedish standard SS-EN 61000-3-2 [10]. In this case the charger
cannot be used in regular operation unless the rectifier is improved or replaced with
one that fulfils the requirements.

The charger will be designed to operate with a 400V 16 A three phase connection
to the grid as this type of supply is commonly available at the sites used by CFS
for testing the car, as well as being provided at competition sites [11]. Designing the
charger for such a power supply would also allow the charger to be used for charging
passenger vehicles in Swedish households, which are typically fused for 16 A or more
[12], [13]. The theoretical maximum power output of this type of power supply as-
suming no losses and perfect power factor is just above 11 kW. This puts a physical
limit of the charger output power, which will have to be lower than this value. The
maximum charging power of the battery in question is at nominal battery voltage
higher than 15 kW. The battery is therefore not a limiting factor when using a 400 V
16 A source.
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1.4 Problem Specification

To charge a battery in a safe and effective way, the charger needs to be programmed
to follow a certain program, known as a charging cycle. Charging cycles may be more
or less complex depending on the type of battery that is to be charged. For common
lithium-ion battery chemistries, such as the Lithium Cobalt Oxide (LiCoO2) chem-
istry used by CFS, the Constant Current-Constant Voltage (CC-CV) cycle can be
used [14]. In the constant current stage, the charger regulates its output voltage to
maintain a constant current flow into the battery. This current should not exceed
the maximum input current that the battery can safely handle. Once the output
voltage of the charger reaches a pre-programmed value, which should be no higher
than the maximum allowed voltage for the battery, the charger will stop increasing
the voltage and enter the constant voltage stage. In this stage the current naturally
decays until it reaches a low value where the charging is considered complete and
the charger shuts off.

The output voltage range of the charger will decide which batteries can be charged.
The minimum voltage for a given battery can be calculated from the minimum volt-
age of an individual battery cell, multiplied by the number of cells connected in
series. The aforementioned CFS battery with a maximum voltage of 580V also has
a minimum voltage of 414 V. The charger must be able to provide this lower voltage
output in order to achieve proper current control. If the charger should be able to
charge other batteries, the voltage range has to be adjusted accordingly.

When in operation, software control of the charger should allow the user to set the
maximum output voltage and current to any value within these limits to accom-
modate different batteries. Furthermore, a control system needs to be active during
charging, monitoring the voltage and current and making sure that the charging
procedure is following the expected profile. If voltage and current limits are for
some reason exceeded or if the battery is suddenly disconnected, the charger has to
turn off and no residual voltage should remain on the charger output terminals. For
safety reasons it is important that sufficient galvanic insulation is present between
the battery and the grid side of the charger [15]. How to achieve this will have to be
considered when selecting the converter topology.

Finally, in order to turn the charger into a usable product, some thought has to
be put into the packaging and housing of the charger hardware. Suitable input and
output connectors need to be added in order to connect to the grid and the battery.
A cooling system that can provide sufficient cooling for all components also needs
to be included in the finished product. The charger’s size and weight also have to be
considered, as the charging procedure during F'S competitions is determined by the
rules and does put some requirements on practicality [1]. For charging during com-
petitions, all batteries have to be removed from the vehicle and taken to a specified
charging station on a hand cart. This hand cart needs to be of such size as to allow
a person to push it, and may not be motorised. Therefore it is common practice by
teams to fit their charger to this battery hand cart or have it on a separate hand
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cart of a similar size. The charger should accordingly be designed to fit on a cart
and be able to be propelled by hand.

The problem specification can be summarised with Figure 1.1. The charger needs
the functions mentioned above, featured from the left in the figure: the 400 V grid, a
rectifying stage to supply a DC-voltage to one or several high frequency converter/s.
A transformer for galvanic isolation between the battery and the grid, followed by
another block of converter/s to supply the battery with the DC voltage it requires.
The charger is packaged in a housing which needs to house all the aforementioned
parts and facilitate cooling possibilities for those. A controller block housing the
software control supervising the converter blocks during the charging cycle is also
needed, using the ctri-signals. It will also need measuring points, such as the rectified
input voltage Upc_in + —Upc_rn—, the battery voltage Ugy, + —Upq— and the
charging current Ig,. The controller block also needs to be able to communicate
with the outside world, such as an external computer, to be able to accommodate
reprogramming for different charging cycles.

Packaging [~ === T T T T T T T T T T T T T T T T e E 1
I i
1 1
1 1
1 .
: - !
400V [ Converter/s Converter/s | | Battery
1 pu— 1
3-phase[] !
= T 1
grid |! - 1
I i
1 1
1 1
1 1 1
1 1
: Crtl Signal Ctrl Signal !
i i
Ext. H U — !
Computer | I UDC"’N+ Uga + | ; _
f | i Comp S[gna[ be-In COHtrOller UBut - I* : COO]lIlg
1 IBut « :
T 1
= — T 1
) e e ——————— 1
f S =

Figure 1.1: Block schematic of generalised charger with its assumed needed parts.
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Methodology and Design
Specifications

This chapter covers the methodology with the necessary steps needed to complete
the project. It also includes a specification of what the finished charger needs to be
capable of in terms of performance and functionality.

2.1 Overview

In order to design a battery charger according to Section 1.2 fulfilling the perfor-
mance criteria in Section 1.4, several steps need to be taken before the actual design
of the converter can commence. The minimum requirements from Section 1.4 will
be used to decide on the final design specifications, which may be better than the
minimum requirements in some cases.

A literature study will be performed on different topologies to be used for the main
power electronic circuit, in order to find out which ones that are the most suitable for
this application. Advantages and drawbacks of different designs as described in the
literature will be taken into consideration, such as flexibility of voltage and current
ranges and overall complexity of the circuit. Hand calculations of the switching oper-
ations will be performed to determine certain key properties such as peak and RMS
voltages and currents to see if the topology can be realised using real components.
Based on the results of this initial study, a few of these topologies will be selected
as the most promising. Topologies that are excessively complex or cannot fulfil the
requirements for output voltage and current will be removed from the selection.

Simulation models of the required circuitry will be built based on selected topologies
to verify that the circuits work as intended. Here the literature study and results
from hand calculations are important in order to gather all required data for real-
istic simulations. Models of real components will be added to the simulation where
possible, to see how they affect circuit behaviour and to estimate the efficiency by
taking component losses into account. This selection of components will be prelim-
inary and can be optimised after the topology is decided on. For the final selection,
the topology with the highest efficiency will be preferred.
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After locking down the topology, all passive and active components will be selected.
As one of the stated goals of the project is to evaluate the performance of SiC
devices, such devices should be selected whenever possible. The maximum voltage
and current ratings should be well above the expected voltages and currents in the
circuit, and switching performance and on-state resistance should be selected such
as to achieve the goal of maximum efficiency.

Driver circuits should be selected to match the switches. Passive components should
also be selected to be sufficiently robust against overvoltage and overcurrent. Some
magnetic components might have to be designed and manufactured rather than
purchased, such as the isolating transformer and inductors used for filtering. In this
case, core material, wire type and winding configuration has to be considered in
order to achieve all desired properties.

2.2 Design specifications

2.2.1 Output voltage range

To provide some control margin and to round off the numbers, the output voltage
range from Section 1.4 is extended to a range from 400V to 600 V. Higher voltages
will not be considered useful as it would not be allowed in an FS setting. Lower
voltages will be considered a bonus feature to be implemented if it does not increase
the cost and complexity of the charger.

2.2.2 Output current and power

Another important property to consider for a charger is the maximum current out-
put. As previously mentioned, it is of no use to design a charger with a current
output higher than the maximum allowed charging current for the corresponding
batteries. The CFS battery is constructed with two cells in parallel, and a maxi-
mum continuous charging current of 15 A per cell for a total charging current of
30 A. Sizing the charger for such a current output would result in a maximum power
of

600V x 30 A = 18kW (2.1)

However for high-power applications, the power output from the grid is often a
limiting factor. The required 16 A connection can only provide up to

V35400V % 16 A = 11 kW (2.2)

and considering the less than ideal power factor and efficiency present in real applica-
tions, the actual output power will be lower than this number. In a Formula Student
testing and competition setting, it might also be desirable to connect side loads such
as laptop computers and low voltage battery chargers to the same grid connection. In
this case the output power has to be further reduced to avoid overloading the outlet.
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A good starting point might be to set the charging power to half the maximum
value calculated in (2.1), or 9kW. This would allow for a charging current of 15 A
at maximum output voltage. However, if the charger is dimensioned for a higher
output current than this, the full charging power can be maintained over a range of
voltages. For example, with a 20 A output, maximum power output is achieved at a

voltage of

9kW

and above, which would improve charging speed at the cost of higher component
current ratings. Rating the charger for 9kW results in a maximum grid current
consumption of

9kW
—— =13A
V3 %400V
for an ideal charger, leaving 3 A per phase to be used for side loads, converter
losses and possible reactive power consumption of the rectifier. For these reasons,

the charger will be designed for a maximum output power of 9kW and a maximum
current of 20 A.

(2.4)
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Power Converters Theory

This chapter gives a theoretical introduction to the different power circuits that are
evaluated in the project, including equations supporting the design of the converters.

3.1 Basic battery charger layout

Dependent on the rated limits of the charger and battery, the DC/DC output voltage
will be a few volts higher than the present battery voltage and the energy will
therefore flow from the grid into the battery. As the charge accumulates in the
battery, its voltage will rise and to keep up with the same rate of charge, the output
voltage of the charger will have to rise accordingly. The charging will stop when
the battery voltage equals the maximum rated battery voltage or maximum output
voltage of the charger. A well designed charger will control these aspects of the
charging cycle and have systems to detect failures, such as overcurrent or overvoltage,
and interrupt the charging cycle in a safe manner. To make an efficient charger, the
power converter(s) used must be able to operate at high efficiency at a range of
output voltages and currents.

3.2 Hard switching DC/DC converter types

In this section, the background theory of the relevant hard switching DC/DC con-
verters is described with ideal components. The converters are assumed to be op-
erating in Continuous-Conduction Mode (CCM), i.e. that there is always a positive
current flowing through the primary inductor of the circuit, i.e i,(¢) > 0. This mode
is chosen as it generally yields a higher efficiency and lower component stress [16],
[17] on the switch in comparison to the Discontinuous-Conduction Mode (DCM).
DCM does in turn have advantages in a higher loop bandwidth [17], which is prefer-
able when trying out more advanced control strategies. This is however not one of
the primary research topics of this report. It is also assumed that the output voltage
of the converters can be approximated to be constant. This can be achieved by using
a sufficiently large output capacitor. This simplification is favourable as it enables
simple comparisons between input and output voltages as they will be DC. In this
report, values presented with lowercase letters (e.g vou, ir) are instantaneous val-
ues while uppercase letters (e.g Vi, I1) are average values. Furthermore, as ideal
components are assumed, the input power P;, is assumed to be equal to the output
power P,,;, which gives Vin x I1ny = Vour * lour.
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Where applicable, the circuits are controlled by Pulse Width Modulation (PWM)
which means that the part of the switching period where the main switch is closed is
varied. This is shown in Figure 3.1 where two switching periods are shown. The part
of the switching period, T, when the switch is on is DT and D is the duty cycle. As
will be shown later, the ratio between input and output voltage will be controlled
by the duty cycle.

VSW 1 1 1

DT T DT

Figure 3.1: Plot of PWM switch signal for hard switched converters.

To facilitate background information for component selection and performance as-
sessment of each converter topology, these main attributes are focused on in each
converter:

e Input/Output voltage relation: A key relation for any DC/DC converter, the
relation between the input voltage and the output voltage and how it is controlled.

e Main waveforms for inductor, diode and switch To see how the peaks and
valleys are formed during a switching period is of high interest for understanding
the function of the converters.

e Inductance for CCM operation: As the primary inductors directly effect which
mode the converters will operate in, their dynamics are needed to ensure CCM
operation.

ol and igrms for inductor, switch diode and capacitor: The average and
RMS currents are both used for matching component ratings and loss calculations.

i eak for inductor, switch, diode and capacitor: To match component ratings
against the highest currents that will occur in each converter.

®Vax for inductor, switch, diode and capacitor: To match component ratings
against the highest voltages that will occur in each converter.

10
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3.2.1 Buck Converter (Step-down)

A buck converter is a non-inverting topology which outputs a lower voltage than its
input. A simple version of the circuit can be seen in Figure 3.2. The output current
will be continuous, as it is not directly connected to any switch. However, it will
draw a discontinuous current from its source [18].

S L
o—/: +» fYYYY O
+ +
Vin D — C Vour
O * O

Figure 3.2: Basic circuit of a buck converter.

At steady-state CCM operation, during the on period of the switch (0 — DT'), the
voltage over the inductor is v, = Viny — Vour, see Figure 3.6 for plot of inductor
voltage. As this voltage is always positive, it reverse-biases the diode into blocking,
see Figure 3.7 for plot of diode voltage, and all of the current flows towards the output
providing output current, charging the primary inductor and charging the output
capacitor, see Figure 3.3 for circuit, Figure 3.5 for plot of inductor current and Figure
3.8 for plot of capacitor current. When the switch opens, i.e the off period (DT —T),
the voltage across the inductor is reversed to v, = —V,,,; which then forward biases
the diode which creates a way for the inductor current to continue to flow to the
output, see Figure 3.4 for circuit. The output capacitor also provide current to
balance the decaying inductor current. With CCM operation, the input/output ratio
can be found with the average inductor voltage V., which should add up to zero
over one period [18],

v A g L T e L 0
- P P f— 0=
L T/o VL T/o VL +T/DTUL

1 1
T(‘/IN — VOUT)DT + T<_VOUT(1 — D)T) =0= (31)
Vour
=D.
Vin

As D can be varied between 0 and 1, V,,; can be varied as

VOUT = [O — ‘/IN] (32)

11
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To simplify explanations, Aiy, is introduced, which is the peak-to-peak value of the
inductor current. It is expressed using the constitutive equation of an inductor,
applying the conditions during the charging part of the switching period and (3.1).
Note that f,, is the switching frequency of the switch.

. dt = DT
dig, . updt ‘ Vin — Vour) DT
vy =L— = di, = — = |vp = Viy — Vour :>AZL:< ) =
dt L . : L
dZL = AZL
— V. (1 _ VOUT)
. (‘/IN VOUT)D . ouT Vin
AZL = = AZL = .
LfS'LU Lfsw
(3.3)
+Vs— +V, - +Vs— +V, -
o - 2228 o o 2228 o
—_— > > > >
[IN IL [OUT IL l IOUT
+ + + o+ + + + o+
VLN Vb ICl:: Ve Vour Vi" IDT Vo ICT Ve Vour
o 0 o T o
Figure 3.3: Buck converter circuit Figure 3.4: Buck converter circuit
with currents while switch is closed with currents while switch is open
during CCM operation. during CCM operation.
iL 1 1
IOUT'*'%AiL __________ : _______________ : _____ Vi 1 1 1 1
: : Vi117V0UT I____I I————-|:
lour ===/~~~ -\ F- - i
i i ° -
IOUT_EAiL """"""" i """ VT TTTTT T E’“"l i
; _— R TP E— — ;T
DT T DT T br T bt

0

Figure 3.5: Plot of inductor current Figure 3.6: Plot of inductor voltage
1, during CCM operation for a buck vy, during CCM operation for a buck
converter. converter.

12



3. Power Converters Theory

VD 1 1 1 1 ic
1 1 1 1 | | |
Viy -———- —-——- AT A tommmm—————- b——--
| 27 : : | i
' ' ! : :
: D\ P\
| 1 i T ™
' ! ! ! :
i ! ! ! !
Y O R | I,
1 —=Ai; 1 1 i |
0 i Lt pT T pT T
DT T DT T

Figure 3.7: Plot of diode votlage vp Figure 3.8: Plot of output capacitor
during CCM operation for a buck con- current i during CCM operation for
verter. a buck converter.

As mentioned above, to operate in CCM, a current larger than zero must always
flow through the inductor. Therefore one can define the CCM boundary with the
inductor peak-to-peak current from (3.3). As long as the average inductor current
is larger than half of the peak-to-peak current, the converter will operate in CCM.
As the inductor is directly connected to the output in the buck converter, they
must have the same average value: I, = Ipyr. With this relation, the peak-to-peak

expression (3.3) can be reworked to give the smallest inductance value needed to
ensure CCM:

Aiy = Vour(1 — *¢5F) p - Your(l— PAE) =
Lfsw Air fow (3.4)
I, > ;AiL] S Vour(1 — %)
Iy, = loyr — 2lourfsw

To find values for dimensioning components for a buck converter, follow Table 3.1
and use (3.1), (3.3) and (3.4), to calculate the needed ratings for each converter
component. The expressions are either given by definition, such as I and I, by the
waveforms from the buck operation, such as 7,42, tSmazs ¢ Dmaz aNd icmaz, CONVerting
the triangular waveforms to find the appropriate average- and RMS-values, such as
U Lrms, tSrmss tDrms, 1s and Ip or finding an appropriate expression from sources,
such as i¢pms from [19]. For the voltage limits, the maximum voltage is the highest
one available in the circuit, i.e Vjy.

13



3. Power Converters Theory

Table 3.1: Usable values for the Buck converter

Value . .
m imax irms Livg Vimax
Inductor Iour + 34y Tour\/1+ %(%)2 Tour Vin
Switch Iour + 3Aiy YoUL ([3yr + 1547 Iy Vin
Diode Iovr + LAip \/ (1= Your) (13 p + 5A83) | Tour — Iy | Vin
Capacitor %AiL \/%AiL 0 Vin

3.2.2 Boost Converter (Step-up)

A boost converter is a non-inverting topology which outputs a higher voltage than
its input. A simple circuit can be seen in Figure 3.9. The input current drawn from
the source is continuous but the output current will be pulsating [18].

L D
o—— M ’ P ‘o)
+ +
Vin S C—= Vour

(o] I
|
(o] [

Figure 3.9: Basic circuit of a boost converter.

At steady-state CCM operation, during the on period of the switch (0 — DT), the
voltage across the inductor is v, = V}, and it is subsequently charged, see Figure
3.10 for circuit, Figure 3.13 for plot of inductor voltage and Figure 3.12 for plot of
inductor current. As the the diode is reversed-biased (as Viy < Vopr), it blocks
any current from flowing from the input to the output, see Figure 3.14 for plot of
diode voltage and all of the output current is supplied by the output capacitor C,
see Figure 3.15 for plot of capacitor current. During the off period (DT — T'), the
input, aided by the discharging inductor, supplies the output current and charges the

14
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output capacitor, see Figure 3.11 for circuit. With CCM operation, the input/output
ratio can be found with the average inductor voltage which should add up to zero
over one period [18],

V; Lt d Lo d L d 0
== t:—/ t —/ t=0=
L T/o VL T Jo v +T DTUL

1 1

Vour 1 Vin
Vivk 1-D Vour

Worth noting is that theoretically, the boost converter would be able to output an
infinite output voltage as the duty cycle increases towards 1, D — 1 = V,,; — oo.
However, due to losses in components, the actual voltage gain will taper off, stop and
then drop off back towards 0 if D continues to increases beyond a certain point [18]. A
simplified model from Texas Instruments [20] gives this equation for approximating
this point D,,4., the duty cycle which will give the highest boost, as

~ Vin —Iour(Rs + Rp + 2Ry)

Dmaa: - . 3.6
Vin + Iovr(Rs — Rp) (39)

This relation is dependent on the parasitic elements of the components modelled
as resistors, the switch (Rg), diode (Rp) and inductor (Ry). With D being varied
between 0 and Dz, V,u: can varied as

Vin
—_— 3.7
. Dmaz] (3.7)

As for the buck converter, Ay is introduced to simplify expressions. Ai; is the
peak-to-peak value of the current through the inductor. It is expressed using the
constitutive equation of an inductor and applying the charging part of the period
(0 — DT). Note that f, is the switching frequency of the switch,

Vvout = [V}N —

. dt = DT
d dt VinDT VinD
UL:LﬂjdiL:UL = |vp=Vin :>AZL: N :>AZLI N
dt L A L Lfw
di;, = Aip,
i, = ‘/IN(l _ V‘ggT)
Lfsw
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+V, - +Vp— +V, - +V, -
o—M"m Pl ) o—TmM \ P o)
—_— —_— —_— T
Iy lour Iy lour
+ Is + + o+ + + + 4+
Vin Yy % Ic | ==Ve Vour Vin Vs Icl —_—Vc Vour
o o o ] o)
Figure 3.10: Boost converter circuit Figure 3.11: Boost converter circuit
with currents while switch is closed with currents while switch is open
during CCM operation. during CCM operation.
iL 1 1
1
Iy + EAiL """"""" : _______________ : _____ Vi 1 1 1 1
I I 1 1 1 1
1 1 Vin -t ____':
1 1 I
INfp===5f ===~ R NEEEEEIT CET D F---- '
1 1
1 I 0 -t
| | !
Iy =5 8y === === -~ SRR GEEEEEEEEE !
1 1 1 1 :
1 1 1 1 1
1 1 1 1
0 i i i -t Viw Vour == === - - - - o :T
DT
DT T DT T br T

Figure 3.12: Plot of inductor current Figure 3.13: Plot of inductor voltage
1, during CCM operation for a boost vy, during CCM operation for a boost

converter. converter.
Vo ' ! ! 1 le 1 1 1 1
! ! ! | . 1 1 | 1
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Figure 3.14: Plot of diode voltage Figure 3.15: Plot of output capaci-
vp during CCM operation for a boost tor current ¢ during CCM operation
converter. for a boost converter.

As for the buck converter, to operate in CCM, a current larger than zero must always
flow through the inductor. Therefore one can define the CCM boundary with the
inductor peak-to-peak current from (3.8). As long as the average inductor current is
larger than half of the peak-to-peak current, the converter will operate in CCM. As
the inductor is directly connected to the input in the boost converter, they must have
the same average value: I, = I;y. With this relation, the peak-to-peak expression
(3.8) can be reworked to give the smallest inductance value needed to ensure CCM:

16



3. Power Converters Theory

Vi Vi
ip = Vin{l = Gour) = L= Vin (1 =~ voy) =
Lfsw AiLfsw (3 9)
=380 o Vin( - i)
I, = Irn —  2LInfsw

To find values for dimensioning components for a boost converter, follow Table 3.2
and use (3.5), (3.8) and (3.9) to calculate the needed ratings for each converter
component. The expressions are either given by definition, such as I and I, by
the waveforms from the boost operation, such as irmaez, “Smaz, ‘Dmaz A iCmaz,
converting the triangular waveforms to find the appropriate average- and RMS-
values, such as i7,ms, tSrms, tDrms, s and Ip, or finding an appropriate expression
from sources, such as icyms from [19]. For the voltage limits, the maximum voltage
is the highest one available in the circuit, i.e Voyr.

Table 3.2: Usable values for the Boost converter

Value . .
m imax irms Lave Vimax
Inductor Iin + 3 A IIN,/l—i-%(?IZ;)Q Itn Vour
Switch Iin + 300 \/(1 — %)(IIQN + 5A3) Iy — Iour | Vour
Diode Iin + 500y, %(IQN + SA3) Tour Vour
Capacitor TNy + Iy — Tour \/(IOUT(l - %)\/%)Q + (lour V‘géVT)Q 0 Vour

3.2.3 SEPIC

SEPIC stands for Single Ended Primary Inductor Converter. It is a non-inverting
topology that can output a voltage that is both above and below its input voltage,
as it is essentially a boost converter followed by a buck-boost converter. A simple
circuit can be seen in Figure 3.16. The input current is continuous but the output
current will be pulsating [21].

17
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L, c D
o] > o
+ +
Vin \ S 3 L, Cour 1 Vour
O O

Figure 3.16: Basic circuit of a SEPIC.

At steady-state CCM operation, during the on time of the switch (0 — DT'), induc-
tor L, is charged by the input, as the switch short circuits it to ground, making
vr1 = Vin. The coupling capacitor C'y has been charged in the previous off cycle and
holds its voltage over the inductor Lo, making vrs = —uv,1, see Figure 3.17 for circuit,
Figures 3.23 and 3.22 for plots of voltages over the inductors, Figures 3.19, 3.20 and
3.24 for plots of currents through the inductors and switch. During this time, all of
the output current is supplied by the output capacitor Copyr, see Figure 3.26 for plot
of capacitor current. When the switch opens (DT — T'), inductor L; is connected
to the rest of the circuit and the voltage over it becomes v = Viy — Vo1 — Vour.
The voltage over Lo rises to Voyr and the diode starts conducting. At that point
both inductors will discharge together with the input to provide output current and
charging current for the coupling capacitor C; and the output capacitor Coyr, see
Figures 3.25 and 3.27 for plots of currents through the coupling capacitor and diode.
As the SEPIC has two inductors, CCM operating condition must hold for both in-
ductors. As for the other converters, the average voltage over the inductors must
add up to 0 over one period at steady state,

OVLI
1 /T ; 1 (DT ; 1 /T ;
VLl—T/O Uth_T/o Uth_l_f/DTlet_O:}
1 1
TVINDT + T((VIN —Ver —Vour)(1=D)T)=0=
Voup — Ver(1 = D) — Vi . (3.10)
D—1
Vin = (1 — D) Vour + Ver) <=
Vo Vour(l — D) —Viy
C1 D_1 5
oV
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\% Lt d L d Lt d
= _ t=— L+ — t=0=
L2 T/o VLo T/o V2 +T/DT V2

1 1

f(—VmDT) + T(VOUT(l —D)T)=0= (3.11)
o VClD o VOUT(l — D)

VOUT—l_D(:>V01— D .

As both expression are dependent on the voltage over the coupling capacitor Vi,
one of the expressions is substituted into the other to solve for the the voltage
input/output relation,

Vour(1 = D) —=Vin  Vour(l — D) N

D—1 D
Vour D Vour
our our IN Vi’  1—D Vin + Vour

(3.12)

Similar to the boost converter, the SEPIC can theoretically output an infinite voltage
as D increases towards 1, D — 1 = V,,; — oo. But as for the boost, it will also hit
a maximum voltage gain depending on the losses of the used components. With D
being varied between 0 and D4z, Vour can varied as

Dmax‘/]]\f
1 — Dz
As for the buck and boost converter, Aiy is introduced to simplify expressions.
Aiy, is the peak-to-peak value of the current through each inductor. It is expressed
using the constitutive equation of an inductor and applying the charging part of the
period. Note that f,, is the switching frequency of the switch:

Vour = [0 — ] (313)

.AiLl
. dt = DT
d dt VinDT
V1 = Ll% = diLl = ) = V1 = ‘/IN = AiLl = HZ =
! dips = Nip, ! (3.14)
. VinD . VinVour
Aipg = —— = Aipy = :
& Llfsw & fsle(VOUT + ‘/IN)
oAio
dt = DT
d dt Ve DT
V2 = LQ% = dZLz ULa VLo = | — V01| = AiLQ = Cz =
2 digy = Ay ? (3.15)
Aiyy = Ver D Vour(1 — D) ~ Ay = VinVour
2 = = 2 = :
L2fsw L2fsw fswL2<VOUT + ‘/}N)
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As the SEPIC has one more capacitor than the other converter topologies mentioned,
the coupling capacitor C, the steady state operating conditions of it can be used
to find other identities in the circuit. The steady state operation condition for the
capacitor is that the average current through it adds up to 0 over one period [18],
i.e Ic1 = 0. As mentioned above, during the on-time of the switch (0 — DT'), the
current through C} is flowing from Ly down to ground via S. During the off time
(DT —T), the current flows from Ly, through C; and towards the output. With this
information, the average current of flowing through Lo, I75, can be expressed as

7 1 T d 1 DT d 1 T d 0
o dt — / . " / . =) =

1 T/o ‘e T Jo ‘e T DTZCI

1

1
T(_]LQ)DT_’_ ?(ILI)“- — D)T =0= 112D = ILl(l — D) =
1-D
D

As L is directly connected to the input in the SEPIC, they must have the same
average value: Iy = Iry. Using this, the inverse of (3.12) and P;y = Poyr, the
expression for I7, can be expressed as

(3.16)

Iy = I

1D Ith =Irn
B Vi 1,
UPES Iy = |Iiv = 22| =
Vin _ 1=D
Vour D) (317)
Vin  Vourlour
I, = * = lour.
Vour Vin
V- Ve — +Vp— V- Vo — +Vp—
o—Mmm I} >t o o—omMmM I > o
+ Iy i +‘ Ica + IUUT+ + Iy " + Iy g n Ip g Iour+
Vi [Sl Vs [LZIisz ICUUTT:_ Vour Vin Vs ILzT Via Icourl:: Vour
o o) o o

Figure 3.17: SEPIC circuit with cur-
rents while switch is closed during
CCM operation.
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Figure 3.19: Plot of inductor cur- Figure 3.20: Plot of inductor cur-
rent I;; during CCM operation for a rent I;o during CCM operation for a

SEPIC. SEPIC.
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Figure 3.22: Plot of inductor volt-
Figure 3.21: Plot of diode voltage vp age vr; during CCM operation for a
during CCM operation for a SEPIC. SEPIC.
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Figure 3.23: Plot of inductor volt- Figure 3.24: Plot of switch cur-

age vrs during CCM operation for a rent ig during CCM operation for a
SEPIC. SEPIC.
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Figure 3.25: Plot of coupling capaci- Figure 3.26: Plot of output capaci-
tor current i during CCM operation tor current icopr during CCM oper-
for a SEPIC. ation for a SEPIC.
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Figure 3.27: Plot of diode current ip
during CCM operation for a SEPIC.

As for the buck and boost converter, to operate in CCM, a current larger than
zero must always flow through the inductors. Therefore one can define the CCM
boundary with the inductors peak-to-peak current from (3.14) and (3.15). As long
as the average inductor current is larger than half of the peak-to-peak current, the
converter will operate in CCM. As mentioned above, I;; = I;x. With this relation,
the peak-to-peak expression can be reworked to give the smallest inductance value
needed to ensure CCM for Lq:

Vin Vs
Aiyy = v Vour L, = .VINVOUT N
fswLli(Vour + Vin) fswlirt(Vour + Vin)
1A (3.18)
Ith > 5A, RS VinVour
Iy =11y Y= 2few (IinVour + Piv)’

As mentioned in (3.17), I15 = Ioyr. With this relation, the peak-to-peak expression
can be reworked to give the smallest inductance value needed to ensure CCM for
Lgf

VinVour B VinVour
= Ly = , =
fswLa(Vour + Vin) fswlira(Vour + Vin)
Iy > éAim] L, > VinVour '
Ito = Iour 2fsw({ourVin + Pour)

Aipy =
(3.19)
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To find values for dimensioning components for a SEPIC, follow Table 3.3 and use
(3.10), (3.11), (3.14), (3.15), (3.18) and (3.19) to calculate the needed ratings for
each converter component. The expressions are either given by definition, such as
111, 110, Icn, Icour, voour, by the waveforms from the SEPIC operation, such

as Z.leagva iLQmaz7 Z'Sma‘m Z'Dma:ﬁu iClmax; Z.C'OUTmaom VULimazs VL2mazx, converting the
triangular waveforms to find the appropriate average- and RMS-values, such as

iL1rms, 112rms, Or finding an appropriate expression from sources [21] and [22], such

aS 1Srmsy tDrmsy 1Clrms, tCOUTrms; ISa ]Da VUSmazy YDmazs VClmax-

Table 3.3: Usable values for the SEPIC

Value ) .
Comp lmax lrms Ian Vmax

Whichever is larger of

Inductor L, Iy + LAip, Iy /T+ B2 | Iy {V[N

Vin — Ver — Vour|

. ; Vi > Vo1 =V,
I L I LA I \/H—Azm I our Z Ve our
nductor Lo ouT + A2 oury/1+ 12(IOUT) ouUT Vour < Ver = Ven
Switch Iiv + Tour + 3 (Aipy + Aipy) | Ty /Yegsiie | gy Vin + Vour
Diode Iin + Tour + 3(Aigy + Aigo) IOUT\/@ Tour Vin + Vour

Whichever is larger of
Capacitor C; Iy + 300 Ity % 0 Vin
Tour + 50y

Whichever is larger of
Capacitor Cour {]IN + 5 ipy + 3 Aip, IOUT\/L‘%VT 0 Vour
Tour
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3.3 Resonant Converters

L,
L, C, o NN 0
o AN (| 0
LV Cr=— 1L Voyr
LV L Vour
o 0
o o
Figure 3.29: Parallel resonant cir-
Figure 3.28: Series resonant circuit. cuit.
Lr CT‘ LT CT
o M 1 0 o A I o
NV G MVour o Vin Lin 3 1L Vour
o o o o
Figure 3.30: LCC circuit. Figure 3.31: LLC circuit.

A resonant converter uses a network of inductors and capacitors known as a reso-
nant tank to generate sinusoidal currents with very low harmonics [9], [23]. In the
simplest form, only one inductor and one capacitor make up the resonant tank. This
is known as a series or parallel tank network, depending on the connection of the
resonant capacitor relative to the load. Figure 3.28 shows the series resonant tank,
and the parallel resonant tank is shown in Figure 3.29. Adding a third element to the
tank network results in two new network topologies. Adding a capacitor in parallel
to the load in a series resonant converter results in a so called LCC topology, while
the related LLC topology uses an inductor as the parallel element. Figures 3.30 and
3.31 show the LCC and LLC resonant tank networks, respectively.

Different from regular PWM converters, the output voltage of a resonant converter
can be controlled by varying the switching frequency relative to the resonant fre-
quency, thereby altering the impedance of the resonant tank. If the converter switch-
ing frequency is set to be equal or very close to the resonant frequency, very low
switching losses can be achieved [16]. In a bridge converter, the transformer can be
used to provide the required inductance in the resonant tank, avoiding the addition
of some physical components. This is especially true for the LLC converter, as it uses
two additional inductances, both of which can be incorporated into the transformer
windings [16]. A major disadvantage of resonant converters is that high efficiency
is typically only achieved close to the optimal switching frequency, suffering from
large losses especially at light loads [9], [16].
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Among the four types of resonant converters listed here, the LLC converter stands
out for its ability to handle wide variations in load or output voltage, as well as
the possibility to reduce the number of physical resonant elements [23]. For these
reasons it has become a popular choice of converter for high voltage battery charger
applications [16], and Section 3.3.1 will therefore focus on the design equations of
an LLC converter.

3.3.1 The LLC DC/DC converter topology

51\3

' ' O
LA
] ] Lr +
+ b ) . 0
Vin “ngNpi gNS C1 =Vour
- ' I -
53 \ 54* \ Cr D3 $ D4
o—i1 L l o

Figure 3.32: A full-bridge LLC converter.

Figure 3.32 shows one possible configuration of an LLC converter, here consisting
of a full-bridge converter with an LLC resonant tank installed between the switches
and the primary side of the transformer. Here it can be seen that the inductances
L, and L,, correspond to the leakage and magnetising inductances of the trans-
former. This means that the transformer can be designed to provide part or all
of these inductances, reducing or eliminating the need for additional components.
This is one major advantage of the LLC converter over the LCC converter, which
always requires an additional physical capacitor. Compared to converters based on
the simpler series and parallel resonant circuits, the LLC converter also comes with
important benefits. Compared to the series resonant circuit the LLC is easier to con-
trol at light loads without too large changes in switching frequency, and it exhibits
less circulating current losses than the parallel resonant converter [23].
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As mentioned above, the voltage gain of an LLC converter is controlled by varying
the switching frequency. The duty cycle is always 50 %, save for some dead time in
order to prevent shoot-through in the converter bridge. When switches S; and Sy
are closed, S, and S3 are open and vice versa. The voltage gain transfer function of
an LLC resonant tank can be written as [23]

Voe
Ve

Jw Ly, H Rac
JjwLp, || Rae + jwL, + 1/jwC,

G = (3.20)

where w = 27 f is the switching frequency in rad/s and R, is the equivalent load
resistance seen from the output of the resonant tank. R,. is defined as

8 Ng
Rac = ;@RO (321)
where N,, N, are the number of turns on the primary respectively secondary side
of the transformer and Ry is the resistance of a load connected to the output of the
converter in parallel to the output capacitance C;. The turns ratio of the transformer

is defined as

Np
n = N, (3.22)
where N, is the primary winding and NNy is the secondary winding.The voltages V.
and Vi, are the RMS values of the fundamental voltages of the square wave voltages
on both sides of the resonant tank. In the case of the output voltage V,., this in an
approximation which is often used in resonant converter design where the converter
is assumed to operate close to resonant frequency [23]. The resonant tank input

voltage Vi, relates to the DC input voltage Viy as [23]

2v2

‘/ge — T‘/}N (323)

and similarly V,. relates approximately to Voyr as

2y/2
Vo = ;/_VOUT (3.24)

As can be seen from (3.20), the voltage gain of the LLC converter is dependent on
the converter load, switching frequency and resonant component values. Due to the
three resonant elements present in the LLC resonant tank, the tank will exhibit two
different resonant frequencies [23]. The higher frequency

1
- 21V, C,

is also found in the simpler series resonant tank, and provides unity gain at the res-
onant frequency. Replacing the series inductance term L, with the total inductance
L, + L, yields another, lower, resonant frequency

1
- 3.26
I 2/ (L, + L) C, ( )

Jo (3.25)
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For the purpose of design and analysis of the converter, some new variables can
be defined. First of all, the voltage gain is dependent on the switching frequency
fs of the converter relative to the higher resonant frequency, fy. Knowing this, the
switching frequency can be normalised to [24]

_ )
h=%

Similarly, the inductances L, and L,, can be expressed as a ratio of total inductance
to series inductance

(3.27)

L,+ L,
= — 2
m I (3.28)

Finally, the relationship between the series resonant elements L, and C, and the
equivalent load resistance R,. gives the quality factor

L,./C,
oVt 029

of the series resonant circuit. Using f,,, m and @), the voltage gain transfer function
G from (3.20) can now be written as

2
-1
G = Ja(m —1) (3.30)
Vg2 =12 4 f2(mf2 — 1)2(m — 172Q?
The output voltage of the complete LLC converter is then expressed as
Vour = Vin * G xn (3.31)

that is, the product of resonant tank gain G and transformer turns ratio n.

3 -
Q factor|
—0.2
25F —04
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—0.8
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Converter gain
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Figure 3.33: The LLC converter voltage gain V,,;/V;, as a function of normalised
switching frequency for different values of the Q factor and a fixed inductance ratio
m = 6.
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Figure 3.33 shows the converter gain of an LLC converter with an inductance ratio
m = 6 plotted over the normalised switching frequency f,, for different values of Q).
Since () is load dependent, the curves can be thought of as showing the influence of
the load as long as the series resonant elements are kept the same. It can be seen
from the graph that operation above f; always results in a gain lower than one,
while higher gains can be achieved in the region between f, and f,. Furthermore,
all curves converge to unity gain at the resonant frequency, meaning that operation
at this point is load independent. On the other hand, operation between f,. and fy
is load dependent in both the amplitude of peak gain and the frequency at which
peak gain occurs.

For frequency-modulated resonant converters such as the LLC converter, Pulse-
Frequency Modulation (PFM) is often used instead of PWM. Using PFM, the duty
cycle of the signal sent to the switches is fixed to a value close to 50%, and the
output voltage is instead adjusted by varying the switching frequency dynamically.

3.3.2 Component stress in the LLC converter

IOUT
oO—1—t ' +—1-0
S1 \ S, \ D, ﬂd D,
+ ] y +_r’_ + Voe +
’ i . -*
Vin [ . ILmljhvplj g C1 =Vour
- 1 I — B
53 \ 54- * \ - {/Cr D3 $ D4
o—1 - " : o

Figure 3.34: The full-bridge LLC converter with relevant voltages and currents.

The full-bridge LLC converter consists primarily of the switches in the H-bridge,
the resonant elements, a transformer (itself part of the resonant circuit) and recti-
fying diodes. The voltages and currents which are relevant for component stress are
illustrated in Figure 3.34 and the equations used to calculate them are listed below.
The typical shape of some waveforms in the LLC converter can be seen in Figure
3.35. Note that these waveforms are valid for the case where the LLC converter is
operating at resonant frequency. It can be seen that the shape of the current that
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Figure 3.35: Typical waveforms of Vpg, Ic., 11, , Lswitch, and Lgioge
in the LLC converter operating at resonant frequency.
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flows through the resonant components C,., L, and the transformer is approximately
sinusoidal. This approximation is useful in order to set up the equations needed to
calculate current and voltage stress in the components that carry this current. It
can also be seen that the dead time, when no switch is conducting, distorts the
sinusoidal shape of the current. While a certain amount of dead time is necessary
for safe operation of any bridge type converter, the dead time depicted in Figure
3.35 has been exaggerated for the purpose of illustration.

The magnetising inductance L,, is exposed to the voltage across the transformer
primary winding, V,. at the switching frequency f;. The RMS value of this voltage
can be expressed as [23]

2+/2
Ve = —fnvow (3.32)
i

Using this expression for V,. the current I can be calculated as

[ Voe  V2nVour
b = o fiLm  72fsLm

To calculate the voltage stress on the resonant capacitor, the capacitor current
and capacitance needs to be known. As can be seen in Figure 3.34, the current
in the resonant tank flows to the resonant capacitor from the parallel connection
of the magnetising inductance and the transformer. The RMS current through the
capacitor is therefore the sum of the currents I, and Iy, With these two currents
known, the current I, can be described as [23]

Ie,= I} +13, (3.34)

(3.33)

where I, can be expressed as

7w lour
Iy = —— 3.35
Ne 2V/2 n ( )
where n is the transformer turns ratio N,/N, and Iopr is the DC output current.
The RMS voltage across the capacitor, V¢, is a function of current, capacitance and
frequency according to

— ]CT
Vo= 5aran (3.36)

In the resonant circuit from the input bridge to the transformer, the resonant induc-
tor and resonant capacitor form a series connection. Therefore the current through
the resonant inductor is the same as for the resonant capacitor, i.e Io, = I,.. The
RMS voltage across the inductor, V; is equal to

VLT == 27TstrILr (337)
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For the switches S; to Sy, the maximum voltage that needs to be blocked is equal
to the input voltage Viy. Each pair of switches carry the resonant current approxi-
mately half of the time and the RMS current that one switch in the bridge needs to
carry is related to the current in the resonant tank like
I, g
Lowiten = —= = —= 3.38
tch \/§ \/i ( )
The peak value of the switch current is equal to the peak value of the resonant
circuit current:

[switchpmk = \/§[LT = \/§[CT (339)

which is the highest current that the switches must be rated for.

The maximum voltage stress on the rectifying diodes (D; to D, in Figure 3.34) is
equal to the output DC voltage, Voyr, and the peak current is equal to the peak
current in the transformer secondary winding, which is related to the output DC
current Ioyr. The RMS value of the transformer secondary current as a function of
the DC output current can be expressed as [23]

T
Iy, = —+=1 3.40
N o) ouT (3.40)

and its peak value, here expressed as the peak diode current, is therefore

m
Iy =2l = o lour (3.41)

peak

For a transformer core, the minimum number of turns needed on the primary winding
can be calculated by [25]

_ Viy
]Vénnn - 2];1313146

where AB is the maximum flux density swing that the core should handle, and A,
is the core cross-sectional area.

(3.42)

For transformers operating at high frequencies, litz wire is often used in the windings
to mitigate the skin and proximity effects [9]. Litz wire works best when the skin
depth at a given operating frequency is larger than the wire strand radius. The skin

depth § can be calculated as [9]
)
0= 3.43
\ 7t (3.43)

where p is the resistivity and p the permeability of the wire material.
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3.3.3 Zero voltage switching for the LLC converter

' O
D1% D,
s

;N C1 ==Vour

N3

Figure 3.36: The full-bridge LL.C converter with drain-source capacitance C'pg and
all switches open during dead time.

The main reason why the LLC converter can achieve better efficiency than a non-
resonant converter is the possibility to achieve Zero Voltage Switching (ZVS) [23].
With ZVS, turn-on losses become negligible, which is often a significant efficiency
improvement especially in converters operating at high voltage or high frequency.
The prerequisite of ZVS is that there should be no voltage across the switch when it
turns on. In a MOSFET based converter, ZVS occurs when the MOSFET is turned
on when its drain-source capacitance, Cys is completely discharged. In an LLC con-
verter, this capacitance is discharged during the so called dead time, in which all
switches in the bridge are open in order to prevent shoot-through.

Figure 3.36 shows an instant of time in which switches S; and S; have just opened.
Up until this point, these switches have been closed and carrying the resonant cur-
rent, while switches Sy and S3 have been open, so that their C'pg are charged to
Vin. Due to the inductance of L,,, the current continues to flow during the dead
time, but with S; and Sy open, it finds a different path through the Cpg of switches
Sy and Ss, thereby discharging them.

Ideally, the dead time and the current through L,, should be matched so that the
dead time is just enough to discharge C'pg. A too short dead time results in insuffi-
cient discharge of C'pg and failure to achieve ZVS. If the dead time is unnecessarily
long, ZVS will be achieved but excessive current will flow through the antiparallel
diodes of the switches, causing unnecessary losses. If L,, and Cpg are both known,
the minimum dead time necessary can be written as [206]
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tqg = 16L,,Cysfs (3.44)
If instead the dead time is pre-selected, the equation can be rearranged to calculate
a maximum allowable inductance L,, according to
B 160dsfs

Lo (3.45)

3.4 3-phase diode bridge rectification

From a common 3-phase outlet in Europe, each phase is supplied with 230 V (RMS),
50 Hz sinusoidal voltage with each phase 120° phase shifted in relation to each other.
A common way to get DC voltage from the 3-phase AC source is to rectify it by
using a 3-phase diode rectification bridge, see Figure 3.37 for circuit. Each phase in
Figure 3.37, Uy, Uy and Ups has the voltage source arrangement mentioned above,
which can be expressed as

U1 = 230cos(0)V,
ULz = 230cos(6 + 120°)V, (3.46)
ULs = 230cos(6 — 120°)V,
with 6 being the phase angle.
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Figure 3.37: 3-phase grid supplying a diode rectification bridge.
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During operation, each phase takes turns conducting through its corresponding top
diode, when it is the most positive in relation to the other phases. While the top one
is conducting, the other phases take turn in conducting through their bottom diode
when they are the most negative in relation to each other. This pattern repeats itself
over each period and creates a voltage at the output, Upyr, that consists of positive
co-sinusoidal bumps, each 60° wide with a peak value of the line-to-line peak value,
which can be expressed as

Upr = Upi - V3 - V2 = 563.383 ~ 563 V. (3.47)

v/3 comes from the 3-phase transformation from 1-phase to line-to-line identities
and the /2 is there to obtain the peak value. To get an equivalent DC source to
work with, the average of one bump is calculated, as mentioned above, each bump
is 0 = 60° = 3 with the peak in the middle, 0p = %B = 30° = %. Note that the
voltage drop over the diodes are neglected,

1 0 . 3 (5~ ™
Uovrave = — | Upncos(d — fp)do = 2 / Uprcos(d — 2y do =
0g Jo 7 Jo 6 ( )
= o z > 3.48
3 [6 .~ 3U 6 3U
2 [° Uppcos(d) df = “sin(g)] = = =537.991 ~ 538 V.
)z m _z m

This voltage can be used as a simplified DC-source equivalent for simple simulations,
calculations etc. For more precise uses, effects such as voltage ripple, voltage drop
over diodes etc. needs to be taken into account.

3.5 Loss equations

This section contains equations required for the calculation of switching, core and
conduction losses for the different components.
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3.5.1 Switching losses
V,1

szitch \ i
I switch -

*
Iswitch RDS | ]

Figure 3.38: Simplified switching waveforms for a MOSFET.

Figure 3.38 shows the simplified switching waveforms of a MOSFET exposed to a
drain-source voltage Viuien and carrying a current Ig.n. Switching losses occur
in the time periods t,, and t,¢;. For the buck converter, the switching loss can be
calculated as [27]

1

Psw,buck = §%nIoutfs,buck (ton + Zfoff) (349)

since Viwiten = Vin and Igyiten = Lous- For the boost converter the equation looks like
1

Psw,boost = 5‘/0utlinfs,boost<ton + toff) (35())

where Viyiten = Vouwr and Igyiten = Lin. ton and tors are the rise and fall times of the
MOSFET.

It is important to notice that these equations use the average current without con-
sidering the current ripple. The current at turn-on will be lower than the average
current ripple by half the ripple magnitude, and the current at turn-off will be higher
than the average by the same amount. Because of the linear relationship between
switching current and losses, the end result when using the average current will be
the same as if the ripple was considered.

For the LLC converter operating at resonant frequency, turn-on switching losses can
be assumed to be zero. Turn-off losses will still be present, but thanks to resonance
the turn-off current will be significantly lower than the average current passing
through the switch. The turn-off current in the bridge can be calculated as [26]
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nVOUTT
4L,,

where T'= 1/ f,, and from here the switching loss for all four MOSFETs is given as
[26]

Lys = (3.51)

nlortVourtiar — n*Viurt fau
Pory = ffT foll = Z[L]Tf (3.52)

3.5.2 Ferrite core losses

The core loss density of a ferrite core can be calculated as

Pre = kf)B)ea (3.53)

where coefficients k, x, y are all dependent on the specific ferrite and the shape of
the core. The core loss is then calculated using the volume of the core as

Pcore = Pfe‘/core (354)

3.5.3 Conduction losses
If the forward voltage drop across the component can be modelled as Vj + Ri(t), the
average conduction losses over a switching period can be calculated as

Pcond = %[av + RIZ 3.55
g

ms

where 1 is the constant voltage drop across the component, I,,, is the average
current through the component, and Iryss is the RMS value of the current. For a
diode this can be simplified to

Pdiode = %Idiode (356)

as long as the operating conditions of the diode does not exceed the test conditions
used by the manufacturer when determining Vj.
If the element is a transformer or inductor winding, the resistance is calculated as

N« MLT
meding = P A (357)

where N is the number of turns, M LT is the mean length per turn of wire and A,
is the copper area of the winding [26].
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4

Initial Topology Selection

In this chapter, the initial topology selection is motivated using the available litera-
ture on the subject. Different stages of converters are suggested dependent of chosen
topology and an initial choice is made regarding the SiC components in order to aid
the design.

4.1 Two-stage converters

As mentioned in Section 1.4, galvanic insulation between the grid and the battery is
an important requirement for this type of charger. Simple converter topologies such
as the buck, boost and buck-boost converter therefore cannot be used alone in this
case due to the galvanic connection between input and output. Bridge-type convert-
ers featuring a transformer on the output fulfil the galvanic insulation requirement,
and using a resonant bridge converter can greatly improve converter efficiency by
reducing switching losses. In [28] a highly efficient SiC-based LLC converter for high
voltage applications is demonstrated. A bidirectional resonant converter intended for
high power low voltage applications is described in [29], also using SiC MOSFETS.

In [30], a so called two stage converter is proposed for use as an electric vehicle
charger. In this setup, a boost-type PFC converter is connected to the grid on the
input side, and an LLC converter on its output. The boost PFC outputs a fixed DC
voltage which is used as input by the LLC, and the output voltage of the charger
is controlled by the LLC, in the same way as the single stage LLC converters. Such
converters are however more difficult to control, and achieving the wide output volt-
age range necessary for charging batteries comes at the cost of lower efficiency when
operating at frequencies away from the resonant frequency [16].

One solution that has been tested with good results in the literature ([16], [26], [31])
is to use a two-stage converter with a different voltage control strategy. Instead of
regulating the output voltage via frequency control of the resonant converter, the
non-isolated DC/DC power stage feeds an isolated resonant converter which always
operates at unity voltage gain. Voltage control is then achieved by PWM control of
the non-isolated stage. This type of setup combines the simplistic voltage control
and design of a non-isolated converter and the high efficiency and galvanic isolation
of the resonant bridge converter. See Figure 4.1 for a block schematic, in which
Ly — Lj is the 3-phase grid input and Upc—,Upc+ is the DC voltage output .
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In [16] the proposed converter, a SEPIC+LLC two-stage converter, is tested with
both operation strategies in order to provide a direct comparison of efficiency. It is
shown that while the two strategies provide similar efficiency at full load, the LLC
converter operated at unity gain maintains close to maximum efficiency at all loads
between 20% and 100%. At 20% load, the efficiency of the LLC at unity gain is
close to 97%, while the efficiency of the frequency-controlled LLC converter drops
to under 90%. In [26], a simulation model of another two-stage converter with boost
PFC and LLC stages is tested in the same way, showing that the efficiency of the
fixed-frequency control strategy is 2.5% more efficient at high load, and 8.9% more
efficient at low load. Also in [31], simulation results of a similar converter show very
high efficiency for this operation strategy.

INPUT POWER BRIDGE OUTPUT
RECTIFIER STAGE STAGE RECTIFIER
L1 VOLTAGE o [/ +
CONTROL

L2 s—

L3 m—

GALVANIC
ISOLATION E

Figure 4.1: Block schematic of two-stage topology.

— UDC7

With this setup, there are different alternatives to consider for managing the desired
output voltage range. Both the power stage and the turns ratio in the transformer
can be used to steer it in either direction when compared to the input voltage. As
the rectified input voltage is within the desired output voltage range, three main
alternatives are available:

1. DC/DC power stage that can output a voltage both over and under its input
voltage (Buck-Boost/SEPIC) with 1:1 transformer turns ratio.

2. Buck type DC/DC power stage and step up transformer turns ratio.

3. Boost type DC/DC power stage and step down transformer turns ratio.

As the full bridge LLC converter has proven itself to be a suitable and highly efficient
bridge stage converter in the literature [16], [26], [28], [30], [31] and its advantages
have been laid out in Section 3.3, this topology will be used in all converters stud-
ied within the scope of this project. Based on the available sources it is unlikely
that other resonant or hard-switching bridge converters would outperform the LLC
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converter in this application, and the project will therefore focus on the comparison
of the different voltage regulating stages, with only small modifications to the LLC
converter in order to adapt it to different voltage and current requirements.

4.2 SEPIC power stage

Out of the basic converters that can output both a higher and lower voltage com-
pared to its input, the SEPIC was chosen as the most suitable as it does not invert
the polarity of the output voltage. From Sections 3.2.3, 2.2.1 using (3.47), (3.48) one
can combine the ratings of the charger and apply them to the ratings from Table 3.3,
to find the maximum voltage stress, the average and the RMS-current stress on the
switch and diode, as no other component rating is needed,

Vsmaz = Ubmaz = ViNmaz + VouTmaz = 563V + 600V = 1163V,  (4.1)

. Voutmm + Vinese 9000W [400V + 538V
rms — 1 av ’ 009 — = 25.62 A; 4.2
'S N, 9\/ VouTomin 538V 100V (4.2)
. VouTmm + Vinars  9000W [400V + 538V
rms — I av : : == = 33.01 A 4.3
b ou, 9\/ ViNavg 100V 538V (43)

The current limits are taken from the lowest output voltage operating point to give
the highest operating RMS-current. The voltage limits can be considered to be at the
low end as it does not take any losses of the converter or harmonics from switching
etc. into account. Furthermore, a good design principle is to keep a safety margin to
ratings such as the ones calculated above, especially maximums. Therefore should the
ratings of a prospective component be even higher than the above calculated values
with a margin. SiC components available on the market that meet the requirements
stated above are few, as the components rated to the standard 1200V is deemed
to be to close the maximum voltage rating. The standard step up from 1200V is
1700V, which is deemed more appropriate for this application. However, there are
few manufacturers who offer SiC components rated to this higher rating - the only
alternatives found can be seen in Table 4.1.

Table 4.1: Suitable SiC components rated to 1700 V

Switch Diode

Cree/Wolfspeed C2M0045170D [32] Cree/Wolfspeed C3D25170H [33]
Cree/Wolfspeed C2M0045170P [34] | GeneSic Semiconductor GB25MPS17-247 [35]
Cree/Wolfspeed C2M0080170P [36] | GeneSic Semiconductor GB50MPS17-247 [37]
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Furthermore, none of the above mentioned components were available for purchase
at any of these four major distributors:

o DigiKey (https://www.digikey.se)

o Mouser (https://www.mouser.se)

« Farnell (https://se.farnell.com)

« RS Components (https://se.rs-online.com/),
during the time of the project. Either they were not available at all or the stock was
empty with a factory lead time of above 20 weeks. If one takes a step down and looks
at suitable switches and diodes rated for 1200 V, more manufacturers joined with
alternatives and the aforementioned manufacturers had a wider range of components
to choose from, see Table 4.2 for a selection of suitable components rated to 1200 V.

Table 4.2: Suitable SiC components rated to 1200V

Switch Diode
Cree/Wolfspeed C2M0025120D [38] Cree/Wolfspeed C4D40120D [39]
GeneSic Semiconductor GR25MT12K [40] | GeneSic Semiconductor GC50MPS12 [41]
ROHM SCT3030KL [42] ROHM SCS240KE2 [43]
Littelfuse LSICIMO120E0080 [44] Littelfuse LSIC2SD120E30CC [45]
ST Microelectronics SCT30N120 [46] ST Microelectronics STPSC20H12 [47]

Several of these components were available in stock at the above mentioned suppliers
and other alternatives not named above were also available. Due to the timing
constraint of this project, the SEPIC setup as a voltage control stage was discarded
as it is dependent on components that would not be available for usage in a prototype
build. Other topologies that can use 1200 V rated components should be considered
instead.

4.3 Buck power stage

An alternative setup would be to have a step-up transformer coupled together with a
buck converter. The step-up transformer moves the middle stage voltage range com-
pletely beneath the input voltage, i.e. a suitable environment for a buck converter.
As the buck converter doesn’t have a minimum output voltage and the maximum
output voltage is the same as the input, the main concern for the step up transformer
ratio nsy, is to give some margin in buck output voltage and use a sensible number
of turns. Due to maximum voltage output, the lower limit for the ratio becomes

VCh—OUT,maJ: _ @
VYIN,avg 538

As the maximum voltage stress on the switch and diode from table 3.1 is only the
maximum input voltage, i.e. = 563V, the 1200V rated SiC components mentioned
in Section 4.2 are available depending on the current stress. Therefore the upper limit
of the ratio is more connected to the output current - as a higher ratio will decrease
the needed output voltage and subsequently increase the needed output current. As
switching-, conduction- and diode-losses for a buck converter are connected to the

nsu > ~ 1.115. (4.4)
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output current, keeping it low in preferable. Subsequently, keeping the transformer
ratio low is preferable to reduce losses. Therefore nsy = 11/9 ~ 1.222... was chosen,
setting the buck converter output limits to:

600 V charger output

Von— 600V
Voureoov = Ch-OUT _ =490.909V ~ 491V,

nsu (11/9)
POUT,maz . 9kW
VOUT,max B 491V

(4.5)
= 18.33A,

TouT eo0v =

0400V charger output

Ven-our _ A0V _ aor om0 v ~ 327V
nsv 11/9 (4.6)

Toura00v = Loh—oUTmaz - Nsuy = 20A - (11/9) = 24.44 A.

Vouraoov =

4.4 Boost power stage

The last alternative setup would be to have a step-down transformer coupled to-
gether with a boost converter. The step-down transformer moves the middle stage
voltage range completely above the input voltage, i.e. a suitable environment for a
boost converter. As the average input voltage is the lowest voltage a boost converter
can output, the step down transformer ratio nsp, needs to divide it down to at least
the lowest desired output voltage of the charger. Therefore the transfer ratio must
be lower than or equal to

VOUT,min o 400 V
‘/IN,afug B 538V

For the lower limit, one can look at the maximum voltage stress on the switch and
diode from Table 3.2, as a low ratio will push the required boost output voltage
high and subsequently expose the switch and diode to the same voltage. A too
small transformer ratio would move the required output voltage above the rated
voltage of the available SiC components mentioned in Section 4.2 and therefore
move the boost converter out of contention for the same reason as the SEPIC, lack
of suitable components. Furthermore, as the middle stage voltage will be connected
to more components with yet unknown voltage limits, a low middle stage voltage is
somewhat preferable. The design of the mentioned components will be done later in
the report. Therefore the transformer ratio is set to ngp = 11/15 ~ 0.733, setting
the boost converter output limits to:

¢600V charger output

nsp <= ~ 0.7435. (4.7)

Ven-ovr 600V

nsp  11/15
POUT,mzzm o 9kW
VOUT,ma:v B 819V

Vour.eoov = = 818.182V ~ 819V,

TouT,600v = =10.99A,
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0400V charger output

Von-ovr _ 400
1sD 11/15
Toura00v = Ich—o0UTmaz * sp = 20 A - (11/15) = 14.67 A.

VouT,a00v = = 545.454 ~ 545V,

4.5 SiC component selection

Since the use of SiC components is central to the aim of the project, an initial selec-
tion of MOSFETSs and rectifying diodes will be done so that the properties of these
components can be used for the design and that virtual models of the components
may be used for simulation. Several of the components mentioned in Table 4.2 are
feasible alternatives, as they surpass the output voltage of the suggested boost con-
verter with some margin. The current rating is more of a wild card, as the peak-,
rms- and average value is dependent on more components in the converter, however
it does need to be large enough to meet the goal of 20 A charger output current,
preferably with some margin.

The MOSFET eventually chosen for evaluation is the C2M0040120D SiC power
MOSFET from Cree Inc. Some properties of this MOSFET are listed in Table 4.3.

Table 4.3: Some properties of the C2M0040120D SiC power MOSFET.

Property Value
Drain-Source voltage, Vpg 1200V
Continuous drain current, Ip 60 A
Drain-Source On-State resistance, Rpg | 84 m{2
Output capacitance energy, Foss 841J
Rise time, t,;5e 52 ns
Fall time, tfqy 34 ns

The selected SiC power diode used for rectifying current in the step-down, step-up
and LLC converter stages is the C4D40120D SiC Schottky diode also from Cree,
Inc. This diode has properties according to Table 4.4.

Table 4.4: Some properties of the C4D40120D SiC Schottky diode.

Property Value
Repetitive peak reverse voltage, Vrry | 1200V
Continuous forward current, Ip 54 A
Forward voltage, Vg 2.2V

Both SiC components are delivered in TO-247-3 packages, and to simplify the design
the same type of switch and diode will be used for both converter stages.
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4.6 LLC converter design

In order to simplify the comparison of different converters, only two LLC converter
designs will be developed. One will be intended for use together with a buck con-
verter and therefore has an output voltage higher than its input. The opposite is true
for the other LLC converter designed to work with a boost converter. If a SEPIC
converter is chosen as the primary stage, it can use either LLC converter or a new
LLC converter can be developed with unity transformer ratio. As the only impor-
tant function of the LLC converter stage in this particular application is to drive the
transformer and provide galvanic isolation, it will be designed to operate at unity
gain only. The switching frequency, typically a tradeoff between magnetic compo-
nent size and switching losses, was decided on after some discussion together with
Aros Electronics. A low switching frequency, below 50 kHz, would be impractical due
to the need for a high power transformer and other large magnetic components. At
such low frequencies, transformer and inductor cores would become very large and
possibly difficult to purchase from regular electronics and magnetics suppliers. On
the other hand, a high switching frequency of above 150 kHz, would hurt efficiency
and possibly make the selection of controller and gate driver components more dif-
ficult. For this reason a switching frequency of 75kHz is eventually chosen for the
LLC converter.

By optimising for one operating point, efficiency can be maximised [16], and in [26],
the author proposes a design method for LLC converters that optimises efficiency at
unity gain. The idea is to maximise the size of the magnetising inductor L,, while
still achieving ZVS. A large magnetising inductance has the advantage of lower cir-
culating current (see (3.33)) in the resonant tank and therefore lower conduction
losses. However, a too large inductance does not allow the parasitic capacitance of
the switches to discharge fully, forcing the converter out of ZVS and thereby lower-
ing the efficiency.

The dead time is chosen to be 120 ns, as this value is close to the typical minimum
dead time of some resonant controller circuits [48]-[50]. During testing, the dead
time may then be increased if needed. With this value, the inductance of L,, is
calculated using (3.45) to be 610 pH. The value of the MOSFET capacitance Cpggs
was calculated from a datasheet value for Epgg as

2F, 2 % 82

Coss = VOzSS = (10080\171;]2 = 164 nF (4.10)
taking the value of Epgg from one of the suitable MOSFETSs [38] described in (4.2).
With L,, selected, the other component values can be chosen. Having also decided
on the transformer turns ratios in Sections 4.3 and 4.4, the equivalent load resis-
tances for the two alternatives can be calculated using (3.21). The load resistance
used for this calculation is the lowest possible, i.e when the converter is operating
at minimum voltage and maximum current, and the load resistances thus become
R =10.85Q and R, = 30.14 2, respectively.

AChuck AChoost
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The Q factor is chosen as a tradeoff between resonant component size, maximum
voltage gain capability, and sensitivity to frequency control. A large value, such as
1, for a given load resistance requires an increase in the ratio L,/C,, see (3.33). A
larger L, or smaller C, both lead to higher component voltage stress, see (3.37) and
(3.36). It also makes the converter output voltage sensitive to small variations in
normalised frequency, which could be caused by inductance or capacitance drift in
the resonant components. A too low value such as 0.1 makes the converter insensi-
tive to frequency variations to the point where PFM control can no longer be used
to control the gain in a meaningful way. In Figure 3.33 it can be seen that while a
low Q factor does enable a high gain at lower frequencies, the curve is very flat for
frequencies above resonance. In other words, operation at a gain lower than unity
is harder to achieve unless the switching frequency is significantly increased. This
is detrimental in a situation where voltage control using the LLC converter might
be desired, such as when operating in the soft-start mode described later in Section
6.3.5. With this in mind, the Q factor is set to 0.7 for both LLC converters. This
value enables some voltage control around resonant frequency while also keeping
the voltage stress of the components, especially that of the resonant capacitor C,.,
within levels that can reasonably be handled by available off-the-shelf components.

1.2

——LLC for buck
——LLC for boost

Converter gain

o o o

SN (o)} (0]
T T

o
N
T

0 0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2
Normalized switching frequency fn

Figure 4.2: Converter gains of the two designed LLC converters

Knowing the Q value and L,,, the other resonant elements C,. and L, can now be
selected by rearranging (3.25) and (3.29). The final values of both LLC converters
can be seen in Table 4.5. Figure 4.2 shows the gain plots for the two converters for
the Q- and m-values listed at the bottom of Table 4.5. As can be seen from the
plots, the peak gain barely goes above unity at any point, indicating that neither
converter is designed to be able to output a voltage above the input voltage. This
is a result of the relatively high Q-factor of 0.7 and is chosen so because there is no
need for the converter to be able to operate with a voltage gain of more than unity
in this application. Both converters are however able to reduce the output voltage
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if the switching frequency is increased. As mentioned before, this reduced voltage
operation is useful in the start-up procedure.

Table 4.5: Resonant element values for the two LLC converters.

Resonant element LLC for buck LLC for boost
L,, 610 pnH 610 pnH

L, 45 pH 16 pH

C, 100 nF 279 nF

Q factor 0.7 0.7
Inductance ratio m 14.6 38.8

4.6.1 Voltage and current stress

The theoretical values of voltage and current stress of the components in the two
alternative LLC converters are calculated here. A summary of all calculated values
is presented later in Tables 5.16-5.21 together with simulated values.

4.6.1.1 Magnetising inductor

The RMS current through the magnetising inductor is calculated using (3.33) for
the operating point with the highest output voltage, as this maximises the current.
This current is calculated to 1.54 A for the buck converter and 2.56 A for the boost
converter. The peak voltage stress is simply the maximum input voltage, that is
491V with the buck converter and 818 V with the boost converter.

4.6.1.2 Resonant capacitor

For the resonant capacitor, as well as for the resonant inductor, the highest current
and voltage stress occurs at the operating points where the output current is the
highest. Using (3.34) and (3.35), the RMS current through C, is calculated as 27.19 A
for the buck converter and 16.49 A for the boost converter. Using the values for
capacitance listed in Table 4.5, the RMS voltages can be calculated with (3.36) to
206.8 V with the buck converter and 349.9V with the boost converter.

4.6.1.3 Resonant inductor

As mentioned before, the same current flows through C, and L,, so it is enough to
calculate the voltage across the inductor in the two cases using (3.37). This gives
205.0 V if using the buck converter and 349.7V with the boost converter.
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4.6.1.4 Transformer

The transformer primary side is exposed to the voltage V.. Using a fixed gain of
1, the magnitude of the square wave voltage is approximately equal to V;y, in the
worst case 818V if a boost converter is used. The area of the switching voltage
during normal operation would be equal to V,./(2f;) = 0.0055 Vs in the same case.
The output voltage is the same for both converters, 600 V. The output current from
the transformer is equal to I, /n, which is 22.21 A for both converters. The input
current I, to the transformer is 27.15 A with the buck and 16.29 A with the boost.

4.6.1.5 Switches

The switches need to block the input voltage of the two converters, which is as
mentioned before equal to 491 V using the buck converter and 818 V using the boost
converter. The peak current is equal to the peak of I, and I, that is 38.46 A with
the buck converter and 23.32 A with the boost converter. The RMS current load on
the switches is lower than for the resonant elements, due to the fact that only two
switches need to conduct at the same time. The RMS current through one switch
in the LLC converter bridge is calculated using (3.38) to be 19.22 A with the buck
converter and 11.66 A with the boost converter.

4.6.1.6 Diodes

The diodes need to block the maximum output voltage of 600 V for both converters.
Using (3.41) the peak current that the diodes will have to carry can be calculated
to 31.41 A. Similar to the MOSFETS, the bridge diodes share the load so that the
RMS current through one diode becomes 15.71 A.
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In this chapter, simulation models based on the two alternative converters designed
in Chapter 4 are developed . The simulation models are made in LTspice with empha-
sis on the SiC components, and the simulations are then ran at different operating
points, with the purpose of gaining values for loss calculations and component de-
sign. The results of the simulations are then used as basis for the final choice of the
converter topology and its design parameters.

5.1 Buck simulations

For the power stage converter simulations, there are four main components and one
attribute that needs to be dimensioned to build accurate simulation models:

e Switch

e Diode

e Main inductor

o Qutput capacitor

» Switching frequency

For the switch and diode, the components chosen in Section 4.5 had well func-
tioning spice models and those were subsequently used (i.e switch: Cree Wolfspeed
C2MO0040120D, diode: Cree Wolfspeed C4D40120D). The MOSFET model had tem-
perature ports for temperature estimations for both case and junction - but as tem-
perature data is not of interest (as of yet) in this simulation set, those ports were
connected to constant DC voltages of fitting values according to the manufacturer
specification [51]. The switching frequency was set to 50 kHz after discussions with
Aros Electronics, as it was seen as an achievable goal by using a similar driver cir-
cuitry as the bridge stage. Note that this switching frequency is different from the
one chosen for the LLC converter, which is 75kHz. As mentioned in Section 3.2.1,
the size of the inductor has a big influence on the mode of operation for the con-
verter. Applying the specifications in Sections 2.2.1 and 4.5 to (3.4), the minimum
inductance value needed to keep CCM dependent on output voltage for the buck
converter was calculated and then plotted in Figure 5.1. In the plot, maximum power
output with the 20 A charger output current limit is assumed over the whole voltage
range.
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L
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Figure 5.1: Plot of minimum inductance needed for CCM operation dependent on
output voltage with maximum power output and charger current limitation.

The minimum value needed to achieve CCM operation over the whole voltage range
at max power and current output became Lpg,4 = 52.46 pH. However, as (3.4) is
dependent on the output current, another scenario which could be of interest for the
inductor design is if the charge current is reduced. With the output voltage locked to
either minimum output voltage (blue line) or maximum output voltage (red line) in
(3.4) and sweeping the output current from the maximum down to 0, the minimum
inductance was calculated and plotted in Figure 5.2.

500 -

—Lauck @ Vour puck™ 3271V
=491[V]

I'Buck @ VOUT,Buck
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IOUT,Buck[A]

Figure 5.2: Plot of minimum inductance needed for CCM operation dependent on
output current with the maximum (red) and minimum (blue) output voltage locked.

All other output voltage cases will become lines that will fall between these two lines
seen in the plot. Worth noting is that as Ioyr guck is part of the denominator in (3.4),
as it approaches 0 A the inductor Lp, — 0o. Therefore it will be impossible to keep
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the operation mode to CCM for low output currents, regardless of inductor size. If
the output current is reduced below any of the change-over points, the converter will
switch mode of operation to DCM and subsequently change operational dynamics.
In all cases, a large inductor is preferable for keeping CCM operation for as low
output currents as possible.

To simulate component stresses and get data for loss calculations on switch and
diode, the high power operating points are chosen to be simulated. Three operating
cases were chosen, see Table 5.1 for case summation. These correspond to the mini-
mum output voltage (Case 1), charger current limitation change over point (Case 2)
and maximum output voltage (Case 3). To make sure to get CCM operation in all
of the cases, an inductor of 55 nH is chosen, to have some margin to the minimum
value mentioned in the previous paragraph.

Table 5.1: Buck converter operating points for component stress simulation cases

Case | Output voltage | Output current | Output power
1 327V 24.44 A 7.992 kW
2 368V 24.44 A 9kW
3 491V 18.33 A 9kW

To make the simulations run smoother and faster, a parallel resistance of 100 M2
was added to the inductor model, as ideal components has a tendency to slow down
simulations in LTspice. This small imperfection will result in a leakage current in the
range of O 1A to 6 1A, which is small enough to be neglected for the result but does
still help to reduce the simulation time. With the given parameters above, the size
of the output capacitor is calculated with an aimed maximum output voltage ripple
of 5%, which is general accepted voltage ripple [16], [30]. For the buck converter, the
high power, low output voltage operating point leads to the scenario with the largest
output voltage ripple, and it is subsequently used to dimension the capacitor. Using
the voltage-charge relation of a capacitor together with the aimed ripple voltage,
the capacitor current waveform seen in Figure 3.15 and the peak-to-peak inductor
current (i.e applying the inductor size and operating point to (3.3)), see Table 5.2
for summation of values, the smallest capacitance value can be calculated as

Qc Qc = AZLT/8 AZLT’
A = = = 0.05- V¢ >
vour Cour Avoyr < 0.05 - Vour O = 8Cour (5.1)
Ai Ai '
0.05 - Voyr > ——% L

— = > )
861OUTfsw ouT = 8-0.05- vOUTfsw
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Table 5.2: Summation of values for calculation of output capacitor size for Buck
converter simulation model.

Property Value
Vour 327V
Vin 538V
fsw 50 kHz
LBuck 25 p—H
AUOUT 16.35V
Aip 42.749 A

With these values, a minimum capacitance of Coyrmin = 6.537pF is obtained,
which is rounded of and increased to Coyr = 10 nF to give some more margin. Note
that a larger capacitor will only result in a smaller voltage ripple. The rest of the
converter is modelled as an ideal current sources in order to simulate a constant
load. With all major components dimensioned, a circuit model according to Figure
3.2 is setup in LTspice, see Figure 5.3 for schematic and Table 5.3 for circuit symbol
explanation.

o
(2}
[

(&

™

<

Figure 5.3: LTspice schematic of buck converter.

50



5. Simulations & Final Topology Selection

Table 5.3: Buck converter LTspice schematic symbol description.

Symbol name | Description Value
V2 Equivalent rectified DC voltage source 538V
A\ Pulse voltage source for PWM -5V to 20V

V1, V3 DC voltage sources for temperature control of MOSFET 25V, 125V
V4, V6 0V voltage sources for current tracing oV
Vb Step voltage source for control of load switch N/A
S1 Load switch for connecting the load N/A
[Load Simualted load as a current source 18.33A, 24.44 A
U1 Diode model N/A
U2 MOSFET model N/A
L1 Inductor Lp,. with parallel resistance in model 55 nH
C1 Output capacitor Copr 10 pF

Each simulation was run for 50 ms to make sure that a steady state was reached, at
10 ms the load was connected. Between each simulation the duty cycle, load current
and output capacitor voltage was adjusted to fit the corresponding case.

5.1.1 Simulation results

5.1.1.1 Case 1: 327V

A plot of the output voltage can be seen in Figure 5.4, and a zoom of the curve at
the 40 ms mark can be seen in Figure 5.5. A zoom of the inductor, diode and switch
currents at the same 40 ms mark can be seen in Figures 5.6 and 5.7 respectively. A
summation of average and RMS values from the simulation and calculated values can
be found in Table 5.4. The calculated values are calculated using the case operating
values (Lpuck, fsws Vin, Vour, lour, Pour) applied to the corresponding equations
in Table 3.1.
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Figure 5.4: Simulated output voltage Voyr from the buck converter power
stage operating at 327V with corresponding average value Vour avg-

51



5. Simulations & Final Topology Selection

334 -
332
330
2. 328 —V .V
3 -V ~327 [V]
> out,avg

326

324

322

I L 1 L | L I I L

40 40.005 40.01 40.015 40.02 40.025 40.03 40.035 40.04 40.045
t [ms]

Figure 5.5: Zoom at 40ms of simulated output voltage Vpoyr from the
buck converter power stage operating at 327V with corresponding average
value Vour,avg-
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Figure 5.6: Zoom at 40 ms of simulated inductor current iy from the buck
converter power stage operating at 327V with corresponding average and
rms values iy qpg and i pms.
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Figure 5.7: Zoom at 40 ms of simulated diode and switch current ¢p and
isw, from the buck converter power stage operating at 327V with corre-
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sponding average and rms values ¢p qug, 1D,rms, LSw,avg AN 150w rms-

Table 5.4: Summation on values from simulation case 1

Property | Sim. Value | Calc. Value
iL.avg 24.44 A 24.44 A
iLrms 28.00 A 27.97 A
LD,avg 9.44 A 9.58 A
LD,rms 17.34 A 17.52 A
i.Sw,avg 15.00 A 14.85 A
15w rms 21.93 A 21.81 A
iL.D.Sw mazx 47.96 A 47.76 A

5.1.1.2 Case 2: 368V

A plot of the output voltage can be seen in Figure 5.8, and a zoom of the curve at
the 40 ms mark can be seen in Figure 5.9. A zoom of the inductor, diode and switch
currents at the same 40 ms mark can be seen in Figures 5.10 and 5.11 respectively. A
summation of average and RMS values from the simulation and calculated values can
be found in Table 5.5. The calculated values are calculated using the case operating
values (Lpuck, fsw, Vin, Vour, lour, Pour) applied to the corresponding equations

in Table 3.1.
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Figure 5.8: Simulated output voltage Vo from the buck converter power
stage operating at 368 V with corresponding average value Vour,qug-
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Figure 5.9: Zoom at 40ms of simulated output voltage Voyr from the
buck converter power stage operating at 368 V with corresponding average

value Vour,avg-

o4



5. Simulations & Final Topology Selection

— I A
- - g 2444 [A]
—ml  ~27.38[A]

L,rms

........ I ~45.69A]
,max

O | 1 1 | 1 | 1 | |
40 40.005 40.01 40.015 40.02 40.025 40.03 40.035 40.04 40.045

t [ms]

Figure 5.10: Zoom at 40 ms of simulated inductor current ¢, from the buck
converter power stage operating at 368 V with corresponding average and
rms values iy, qpg and i pms.
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Figure 5.11: Zoom at 40 ms of simulated diode and switch current ip and
isw, from the buck converter power stage operating at 368 V with corre-
sponding average and rms values ¢p qug, D,rms, LSw,avg ANA 5w rms-
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Table 5.5: Summation on values from simulation case 2

Property | Sim. Value | Calc. Value
IL,avg 24.44 A 24.44 A
LLrms 27.38 A 27.35 A
iD,avg 7.58 A T72A
LD rms 15.19A 15.38 A
LS w,avg 16.86 A 16.72 A
L Sw,rms 22.74 A 22.62 A
UL, D,Sw,max 45.69 A 45.58 A

5.1.1.3 Case 3: 491V

A plot of the output voltage can be seen in Figure 5.12, and a zoom of the curve at
the 40 ms mark can be seen in Figure 5.13. A zoom of the inductor, diode and switch
currents at the same 40 ms mark can be seen in Figures 5.14 and 5.15 respectively. A
summation of average and RMS values from the simulation and calculated values can
be found in Table 5.6. The calculated values are calculated using the case operating
values (Lpuck, fsw, Vin, Vour, lour, Pour) applied to the corresponding equations

in Table 3.1.

900
800
700
600

V]

% 500
= 400
300
200
100

L 1

—V

\

™

out

out,avg

~491 [V]

e e e -

10 15

20 25
t [ms]

30 35 40

45 50

Figure 5.12: Simulated output voltage Vo from the buck converter power
stage operating at 491 V with corresponding average value Vour,qug-
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Figure 5.13: Zoom at 40ms of simulated output voltage Voyr from the
buck converter power stage operating at 368 V with corresponding average
value Vour,avg-
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Figure 5.14: Zoom at 40 ms of simulated inductor current 7;, from the buck
converter power stage operating at 491V with corresponding average and
rms values iy qpg and i pms.
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Figure 5.15: Zoom at 40 ms of simulated diode and switch current ip and
isw, from the buck converter power stage operating at 491V with corre-

sponding average and rms values ¢p qug, 1D,rms, LSw,avg AN 150w rms-

Table 5.6: Summation on values from simulation case 3

Property | Sim. Value | Calc. Value
IL,avg 18.33A 18.33A
1L, rms 18.86 A 18.85 A
LD,avg 1.52A 1.60 A
LD ,rms 5.44 A 5.57A
1 Sw,avg 16.80 A 16.73 A
USw,rms 18.06 A 18.01A
UL,D,Sw,maz 25.96 A 26.13 A

5.1.2 Active component losses in buck converter

The relevant voltages and currents needed to calculate losses in the buck converter
can be found in Tables 5.1, 5.4, 5.5 and 5.6. The switching losses for the buck
converter is calculated using these values for voltage and current and (3.49). The
conduction losses in the buck MOSFET are calculated using simulated values for
the RMS current through the switch and (3.55), and the conduction losses in the
buck diode are calculated using (3.56). The results of the loss calculations for the

buck converter are listed in Table 5.7.

Table 5.7: Component losses for the buck converter at all operating points

Loss type Op. point 1 | Op. point 2 | Op. point 3
Buck MOSFET, conduction | 40.40 W 43.44 W 27.40 W
Buck MOSFET, switching 28.2TW 28.2TW 21.20 W
Buck diode, conduction 20.7TW 16.68 W 3.34 W
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5.2 Boost simulations

For the boost simulation model, most of the components from the buck circuit were
reused. Semiconductor components, switching frequency and the parallel resistor for
the inductor were all the same. That leaves the inductor and output capacitor in
need to be re-dimensioned to fit the boost converter power stage. The inductor size
re-calculation was done in a similar manner to the buck. Applying Section 2.2.1 and
above, into (3.9), the minimum inductance value needed to keep CCM for this boost
setup was calculated and plotted in Figure 5.16. In the plot, maximum power output
with the 20 A charger output current limit is assumed over the whole voltage range.

—L
100 H Boost
o I'Boost,max=1 10.34[uH] @
\Y =819[V]
80 I OUT,Boost

I‘Boost[u H]
3
T

40

| 1 | | | | 1 | | | | 1 L |
545 560 580 600 620 640 660 680 700 720 740 760 780 800 819
\

OUT,boost[V]

Figure 5.16: Plot of minimum inductance needed for CCM operation de-
pendent on output voltage with maximum power output and charger current
limitation.

The minimum value needed to achieve CCM operation over the whole voltage range
at max power and current output become L g, = 110.34 pH. Similarly to the buck,
the scenario where the charging current is reduced is also of interest for the boost
setup. With the output voltage locked to the minimum value (blue line in Figure
5.17) and maximum value (red line in Figure 5.17) and sweeping the output current
from the maximum charge current down to 0 in (3.9), the minimum inductance was
calculated and plotted in Figure 5.17.
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Figure 5.17: Plot of minimum inductance needed for CCM operation de-
pendent on output current with the maximum (red) and minimum (blue)
output voltage locked.

All other output voltages cases will become lines between the two lines in the plot.
The same event as for the buck happens, as Ioyr poost is linearly related to the de-
nominator in (3.9), as it tends towards 0, the inductance Lpy.ss — 00. Therefore,
as for the buck, it will be impossible to keep the operation mode to CCM for low
output currents, regardless of inductor size. If the output current is reduced be-
low any of the change-over points, the converter will switch mode of operation to
DCM and subsequently change operational dynamics. In all cases, a large inductor
is preferable for keeping CCM operation for as low output currents as possible.

To simulate component stresses and get data for loss calculations on switch and
diode, the high power operating points are chosen to be simulated. Three operating
cases were chosen, see Table 5.8 for case summation. These correspond to the mini-
mum output voltage (Case 1), charger current limitation change over point (Case 2)
and maximum output voltage (Case 3). To make sure to get CCM operation in all
of the cases, an inductor of 120 pH is chosen, to have some margin to the minimum
value mentioned in the previous paragraph.

Table 5.8: Boost converter operating points for component stress simulation cases

Case | Output voltage | Output current | Output power
1 545V 14.67 A 7.993 kW
2 614V 14.67 A 9kW
3 819V 10.99 A 9kW

The minimum output capacitor value can be calculated in a similar manner to the
buck converter. The same voltage ripple goal is set to 5% of the output voltage, but
the rest needs to be adjusted. The worst output voltage ripple case is the highest
output voltage operating point. Using the voltage-current relation for a capacitor
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together with the defined voltage ripple, the capacitor current waveform seen in
Figure 3.15 and the peak-to-peak inductor current (i.e applying the inductor size
and operating point to (3.8)), see Table 5.9 for summation of values, the smallest
capacitance value can be calculated as

QC Q(‘ = IoutDT IoutDT
= = ] . . >
AUOUT C = AUOUT S 0.05 - VOUT = 0.05 VOUT = = (5 2)
V \Y .
. Tovr(1 — ¢25) . Tour(1 — VOIUNT)'
Cfsw 0.05 - VOUTfsw

Table 5.9: Summation of values for calculation of output capacitor size for Boost
converter simulation.

Property | Value
Vour 819V
Vin 238V
AUOUT 40.95V
Tour 10.99 A
fsw 50kHz

With these values, a minimum capacitance of Coyrmin = 1.842 pF is obtained, which
is rounded up and increased to Coyr = 2 uF to give some more margin. Note that a
larger capacitor will only result in a smaller voltage ripple. The rest of the converter
is modelled as an ideal current sources in order to simulate a constant load. With all
major components dimensioned, a circuit model according to Figure 3.9 is setup in
LTspice, see Figure 5.18 for schematic and Table 5.10 for circuit symbol explanation.

U2

[{=]
=
» L1 A1 K j—o CapBank1 ut
© + L
§ 120" V5 A2 Case
€4D40120D
s1
V3 s = -
* R3 d o Tj "
B g ch 7 | Loadswitch
538 | va 10 R10 c1
C2M0040120D 200m 1
V2 V1 2u |
14.67
257 125
~ N

Figure 5.18: LTspice schematic of boost converter.
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Table 5.10: Boost converter LTspice schematic symbol description.

Symbol Description Value
V3 Equivalent rectified DC voltage source 538V
V4 Pulse voltage source for PWM -5V to 20V

V1, V2 | DC voltage sources for temperature control of MOSFET 25V, 125V

V5, V6 0V voltage voltage sources for current tracing ov
A\ Step voltage source for control of load switch N/A
S1 Load switch for connecting the load N/A
I1 Simulated load as a current source 10.99A, 14.67 A
U1 Diode model N/A
U2 MOSFET model N/A
L1 Inductor with parallel resistance in model 120 nH
C1 Output capacitor 2pF

Each simulation was run for 50 ms to make sure that a steady state was reached, at
10 ms the load was connected. Between each simulation the duty cycle, load current
and output capacitor voltage was adjusted to fit the corresponding case.

5.2.1 Simulations

5.2.1.1

Case 1: 545V

A plot of the output voltage can be seen in Figure 5.19, and a zoom of the curve at
the 40 ms mark can be seen in Figure 5.20. A zoom of the inductor, diode and switch
currents at the same 40 ms mark can be seen in Figures 5.21 and 5.22 respectively.
A summation of average and RMS values from the simulation and calculated values
can be found in Table 5.11. The calculated values are calculated using the case
operating values (Lpoost, fsw, Vin, Vour, Iin, Pour) applied to the corresponding
equations in Table 3.2.
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Figure 5.19: Simulated output voltage Vopyr from the boost converter
power stage operating at 545V with corresponding average value Vour,avg-
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Figure 5.20: Zoom at 40ms of simulated output voltage Voyr from the
boost converter power stage operating at 545V with corresponding average

value Vour,avg-
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Figure 5.21: Zoom at 40ms of simulated inductor current iy from the
boost converter power stage operating at 545V with corresponding average
and rms values iy, g9 and ip yms-
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Figure 5.22: Zoom at 40ms of simulated diode and switch current ip
and ig,, from the boost converter power stage operating at 545V with
corresponding average and rms values ip qug, 1D,rmss 1Sw,avg A L5w rms-
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Table 5.11: Summation on values from simulation case 1

Property | Sim. Value | Calc. Value
iL.avg 14.93A 14.86 A
LLrms 14.94 A 14.94 A
iD,avg 14.67 A 14.67 A
LD rms 14.81 A 14.84 A
i Sw,avg 0.26 A 0.19A
i Surms 1.99 A 1.69 A
UL, D,Sw,max 15.59 A 15.43 A

5.2.1.2 Case 2: 614V

A plot of the output voltage can be seen in Figure 5.23, and a zoom of the curve at
the 40 ms mark can be seen in Figure 5.24. A zoom of the inductor, diode and switch
currents at the same 40 ms mark can be seen in Figures 5.25 and 5.26 respectively.
A summation of average and RMS values from the simulation and calculated values
can be found in Table 5.12. The calculated values are calculated using the case
operating values (Lpoost, fsw, Vin, Vour, Iin, Pour) applied to the corresponding
equations in Table 3.2.
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Figure 5.23: Simulated output voltage Voyr from the boost converter
power stage operating at 614 V with corresponding average value Vour,avg-
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Figure 5.24: Zoom at 40ms of simulated output voltage Voyr from the
boost converter power stage operating at 614 V with corresponding average

value Vour,avg-
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Figure 5.25: Zoom at 40ms of simulated inductor current iy from the
boost converter power stage operating at 614 V with corresponding average
and rms values iy, g and ip pms-
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Figure 5.26: Zoom at 40ms of simulated diode and switch current ip
and 17g,, from the boost converter power stage operating at 614V with
corresponding average and rms values ip qug, 1D, rmss 1Sw,avg A 15w rms-

Table 5.12: Summation on values from simulation case 2

Property | Sim. Value | Calc. Value
UL.avg 16.83 A 16.73 A
LLrms 17.16 A 17.05 A
D,avg 14.66 A 14.66 A
LD,rms 16.03 A 15.96 A
Sw.avg 2.17A 2.07A
LSw rms 6.11A 6.00 A
UL.D,Sw,maz 22.43 A 22.28 A

5.2.1.3 Case 3: 819V

A plot of the output voltage can be seen in Figure 5.27, and a zoom of the curve at
the 40 ms mark can be seen in Figure 5.28. A zoom of the inductor, diode and switch
currents at the same 40 ms mark can be seen in Figures 5.29 and 5.30 respectively.
A summation of average and RMS values from the simulation and calculated values
can be found in Table 5.13. The calculated values are calculated using the case
operating values (Lpoost, fsw, Vin, Vour, Iin, Pour) applied to the corresponding
equations in Table 3.2.
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Figure 5.27: Simulated output voltage Vopyr from the boost converter
power stage operating at 819V with corresponding average value Vour,avg-
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Figure 5.28: Zoom at 40ms of simulated output voltage Voyr from the
boost converter power stage operating at 819 V with corresponding average
value Vour,avg-
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Figure 5.29: Zoom at 40ms of simulated inductor current iy from the
boost converter power stage operating at 819 V with corresponding average
and rms values iy, g9 and ip yms-
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Figure 5.30: Zoom at 40ms of simulated diode and switch current ip
and ig,, from the boost converter power stage operating at 819V with
corresponding average and rms values ip qug, 1D,rmss 1Sw,avg A L5w rms-

As seen from Tables 5.4, 5.5, 5.6, 5.11, 5.12 and 5.13, the calculated values are sim-
ilar to the simulated values and it is therefore assumed that the simulation models
are working accurately. The difference that is present is likely due to the active com-
ponent losses modelled in the component models, which are assumed to be zero in
the calculated values.

69



5. Simulations & Final Topology Selection

Table 5.13: Summation on values from simulation case 3

Property | Sim. Value | Calc. Value
iL.avg 16.86 A 16.73 A
LLrms 19.15A 19.01 A
D avg 10.98 A 10.99 A
LD rms 15.48 A 1541 A
1 Sw,avg 5.88 A 5.74 A
2:Sw,rms 11.24 A 11.13A
UL, D,Sw,maz 32.32 A 32.11 A

5.2.2 Buck and Boost inductor

A difference between the buck converter power stage and the boost converter power
stage which is worth noting for later design considerations is the peak current being
pushed through the inductor. As the calculated values worked well in the previous
sections, it was used as a base to calculate how the peak current is affected by
inductor size.

With the worst case operating points for peak inductor current locked for each power
stage and sweeping the inductance of the main inductor from the minimum value
calculated in previous sections to 500 pH, the peak current is calculated and plotted

in Figure 5.31. A summary of peak values at inductance intervals can be found in
Table 5.14.
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Figure 5.31: Plot of maximum inductor current dependent on inductor
size given worst iy ,eq case for buck and boost. Note the axis offsets and
odd x-axis intervals.

The peak current is clearly lower across the board for the boost converter inductor.
The lower peak will make the design of other current peak dependent components
easier. Worth noting is that the RMS-value also follows the peaks trajectory, but is
at a substantially lower level.
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Table 5.14: Peak inductor current given inductor value per power stage converter

Inductance | Buck iy o1 | Boost ip pean
55 nH 47.76 A N/A
100 pnH 37.27TA N/A
120 pH 35.13A 32.11A
150 nH 32.99 A 29.03 A
200 pH 30.86 A 25.96 A
250 pH 29.57 A 24.11A
300 pH 28.72 A 22.88 A
350 pH 28.11A 22.00 A
400 nH 27.65 A 21.34 A
450 nH 27.29 A 20.83 A
500 pH 27.01 A 20.42 A

5.2.3 Active component losses in boost converter

The relevant voltages and currents needed to calculate losses in the boost converter
can be found in Tables 5.8, 5.11, 5.12 and 5.13. The switching losses for the boost
converter is calculated using these values for voltage and current and (3.50). The
conduction losses in the boost MOSFET are calculated using simulated values for
the RMS current through the switch and (3.55), and the conduction losses in the
boost diode are calculated using (3.56). The results of the loss calculations for the
boost converter are listed in Table 5.15.

Table 5.15: Component losses for the boost converter at all operating points

Loss type Op. point 1 | Op. point 2 | Op. point 3
Boost MOSFET, conduction 0.33W 3.14W 10.61 W
Boost MOSFET, switching 17.49W 22.21W 29.69 W
Boost diode, conduction 32.27TW 32.25 W 24.16 W

5.3 LLC simulations

The simulation models of the two alternative LLC converters are built with Spice
models of the components selected in Section 4.5 and values for the resonant ele-
ments and the transformer from Section 4.6. The LLC converter designed to work
with a buck converter can be seen in Figure 5.32, and the one made for a boost
converter in Figure 5.33.
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Figure 5.32: LTspice schematic of LLC converter designed for use with a
buck converter
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Figure 5.33: LTspice schematic of LLC converter designed for use with a
boost converter.
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To simplify and speed up the simulations, the input to the LLC converter is fed from
an ideal DC voltage source instead of the actual primary stage converter. The gates
of the simulated MOSFETs are also driven by such voltage sources (V2-V5) switch-
ing on and off with the chosen switching frequency of 75 kHz, and with small offsets
added to their duty cycles to emulate the dead time of a real controller. Resistors
R5-R8 are connected between the gate driving voltage sources and the gates (ports
gd1-gd4 connect to the voltage sources, ports gl-g4 connect to the gates). The 1 GQ
resistors R2, R4 and R9 provide a high resistance path to ground for the floating
stages and connect the two coils of the transformer. They are added for simulation
flow reasons only and have a minimal impact on the simulated currents. Instead of
a battery model, the load on the output is modelled as a simple resistor, as this
makes it easy to adjust the output power. Three operating points are selected with
respect to the output voltage and current:

o Operating point 1: 400V, 20 A output
o Operating point 2: 450V, 20 A output
o Operating point 3: 600V, 15 A output

The aim of the LLC simulation is to compare calculated and simulated values for
voltages and currents, especially with regards to the resonant circuit elements.
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Due to the complexity of the model, each simulation was run for only 4 ms. Using the
idealised input and resistive load this is more than enough to achieve steady state
conditions. For each simulation, the input voltage was initially set to the buck and
boost converter output voltage calculated in Sections 4.3 and 4.4 and then adjusted
until the desired output voltage was reached.

5.4 LLC converter simulation results

The voltages and currents calculated in Section 4.6 are compared to simulated values
in order to verify the simulations for all operating points.

Table 5.16: Comparison of calculated and simulated voltages and currents for the
LLC converter designed for use with a buck converter for operating point 1.

Parameter Sim. value Calc. value
Vin 340 VDC 327VDC
I, 1.04 A 1.03A
Io,, Iy, 27.2A 27.17A
Ve 205.9V 206.6 V
Vi, 206.7V 204.9V
Iswitch,peak 38.54 A 38.42 A
Lswiteh,RMS 19.24 A 19.21 A
Liiode peak 31.54 A 31.42 A
Liiode. 1S 15.73 A 15.71 A
Iy, 27.23 A 27.15A

Table 5.17: Comparison of calculated and simulated voltages and currents for the
LLC converter designed for use with a buck converter for operating point 2.

Parameter Sim. value Calc. value
Vin 381 VDC 368 VDC
I L17A L15A
Ie,, I, 27.21 A 27.17 A
Ve, 206.0V 206.7V
VL. 207.5V 204.9V
Lswitch,peak 38.57 A 38.43 A
Lswiten,rRM s 19.24 A 19.22A
Liiode peak 31.54 A 31.42 A
Liiode, RS 15.73 A 15.71T A
Iy, 27.24 A 27.15 A
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Table 5.18: Comparison of calculated and simulated voltages and currents for the
LLC converter designed for use with a buck converter for operating point 3.

Table 5.19: Comparison of calculated and simulated voltages and currents for the
LLC converter designed for use with a boost converter for operating point 1.

Table 5.20: Comparison of calculated and simulated voltages and currents for the
LLC converter designed for use with a boost converter for operating point 2.
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Parameter Sim. value Calc. value
Vin 501 VDC 491 VDC
I, 1.56 A 1.54 A
I, Iy, 20.44 A 20.42 A
Ve, 154.7V 155.3V
VL. 158.8 V 154.0V
Lswitch peak 29.0 A 28.88 A
Tswitch,rMS 14.45 A 14.44 A
Liiode peak 23.80 A 23.56 A
Liiode, RM S 11.83 A 11.78 A
Iy, 20.40 A 20.36 A

Parameter Sim. value Calc. value
Vin 556 VDC 545VDC
Iy, 1.73A 1.71A
Io, Iy, 16.38 A 16.38 A
Ve, 347.2V 347.6V
VL. 3477V 347.3V
Iswitch,peak 23.19 A 23.16 A
Tswitch,rMS 11.58 A 11.58 A
Liiode peak: 31.54 A 31.42A
Liiode, R s 15.73 A 15.71 A
Iy, 16.33 A 16.29 A

Parameter Sim. value Calc. value
Vin 624 VDC 614 VDC
I 1.95 A 1.92 A
Ie,, I, 16.39 A 16.40 A
Ve, 3475V 348.1V
VL. 348.1V 347.8V
Lswiteh,peak 23.21 A 23.20 A
Tswitch,rRMS 11.59 A 11.60 A
Liiode peak 31.54 A 31.42 A
Liiode, RS 15.73 A 15.71T A
INp 16.33 A 16.29 A
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Table 5.21: Comparison of calculated and simulated voltages and currents for the
LLC converter designed for use with a boost converter for operating point 3.

Parameter Sim. value Calc. value
Vin 826 VDC 819 VDC
I, 2.59 A 2.56 A
Ie,, I, 12.45A 12.48 A
Ve, 264.0V 264.9V
VL. 267.8V 264.7V
Lswitch peak 17.66 A 17.65 A
Tswiteh, RS .80 A .83 A
Idiode,peak 23.80 A 23.56 A
Liiode, RM S 11.83 A 11.78 A
Iy, 12.26 A 12.22 A

It can be seen from Tables 5.16-5.21 that the simulated values do not differ much
from the calculated values, and the simulation models are therefore assumed to
work correctly. The small differences that do exist between the calculated and sim-
ulated values can be explained by the fact that some components are simulated as
non-ideal, i.e the MOSFETs and diodes, as well as the slight reduction in actual
duty cycle brought on by the need for dead-time between switching actions. Due to
these imperfections in the simulation model, the input voltage needs to be increased
slightly in order to achieve the desired output voltage. This higher input voltage
results in additional deviations in voltages and currents when compared to the ideal
case.

ICr’ILm [A]

=30

40 : : : : :
0 5 10 15 20 25
t[ps]
Figure 5.34: Simulated waveforms of I, and [, for the
boost converter LLC at 450V, 20 A output.
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Figure 5.35: Simulated waveforms of Vi,
converter LLC at 450V, 20 A output.
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Figure 5.36: Simulated waveforms of Igyitcn1 and Lgyiten 2
for the boost converter LLC at 450V, 20 A output.
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Figure 5.37: Simulated waveforms of Iy,4. for the boost
converter LLC at 450V, 20 A output.
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Figure 5.38: Simulated waveforms of V,. and V. for the
boost converter LLC at 450V, 20 A output.
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Figure 5.39: Simulated waveforms of I, and Iy, for the
boost converter LLC at 450V, 20 A output.

The simulations were performed for both converter options and all operating points
for a total of six simulation cases. For simplicity, Figures 5.34-5.39 show simulated
waveforms for one converter and one operating point only. The LLC converter de-
signed for use with a boost converter is chosen for the example, operating with an
output voltage of 450V and 20 A (operating point 2).

By studying the simulated waveforms it can be determined whether or not the con-
verter is operating as intended and at the right operating point. As mentioned before,
this converter is designed to operate at resonant frequency. Figure 5.34 shows the
current through the resonant capacitor C,. and the magnetising current I,,. It can
be seen from the figure that the current /-, is sinusoidal and crosses through the
peak of the triangular I, . This indicates that both converters are in fact operating
at their resonant frequency, resulting in unity gain and the highest possible effi-
ciency [24]. If operating below or above resonant frequency, the current I, would
have a distorted shape. Above resonant frequency, Io, will be higher than I at
the point of switching, and the switches will have to break this excess current, in-
creasing switching losses. Conversely, at a switching frequency below resonance, the
current I, will "finish” its cycle before the switching event, and the converter will
enter a free-wheeling state for the remainder of the switching period. As no power
is delivered in this state, any circulating current will only cause additional losses.

Another way to determine if the converter is operating at resonant frequency is to
study the gain of the resonant tank, which should be equal to 1. Figure 5.38 shows
the voltages Vg, and V., which are measured before and after the resonant tank. It
can be seen from the figure that these voltages are equal in magnitude, and we know
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from (3.20) and Figure 4.2 that this is possible only at resonant frequency. Current
stresses in the active components can also be determined from the simulation, such
as the MOSFET currents seen in Figure 5.36 or the diode current in Figure 5.37.
Figure 5.39 shows the currents in the transformer, and by comparing Iy, and Iy, the
transformer turns ratio can be verified. In the same way the voltages present in the
converter are also given by the simulation, such as the sinusoidal voltage across the
resonant capacitor seen in Figure 5.35 or the previously mentioned V,. in Figure 5.38.

As already said, all curves shown here are for one operating point only. How the
simulated values change for the two versions of the LLC converter and their three
operating points can be seen in Tables 5.16-5.21. In general, the shape of the curves
do not change between converters or operating points, since both converters are
tuned to operate at resonant frequency at all times. By studying the tables it can
be seen that most currents such as Ic,, Iswitch, ldgiode and Iy, are more affected
by the output current than the voltage. The exception is I, since this current
is directly induced by V., which in turn is proportional to the input voltage for a
given converter gain. On the other hand, most voltage stresses are proportional to
the input voltage, with the exception of the voltages across the resonant elements
C, and L,, as these voltages are caused by the current flowing through the resonant
tank.

5.4.1 Active component losses in LLC converter

The conduction losses of the MOSFETSs can be easily calculated using (3.55), the
simulated RMS currents in Tables 5.16-5.21 and the on-state resistance listed in
Table 4.3. The switching losses are calculated using (3.52) using the fall time from
Table 4.3. The diode losses will be the same for both LLC converters. This is due
to the fact that the diodes are located in the output rectifier after the transformer,
where voltages and currents are identical for both converters. The calculated losses
for all operating points can be seen in Tables 5.22 and 5.23. The values for LLC
MOSFETs and diodes are for all four MOSFETs/diodes together.

Table 5.22: Component losses for the LLC converter designed for use with a buck
converter for all operating points.

Loss type Op. point 1 | Op. point 2 | Op. point 3
Buck LLC MOSFETs, conduction | 124.38 W 124.38 W 70.16 W
Buck LLC MOSFETs, switching 1.49W 1.89 W 3.36 W
Buck LLC diodes, conduction 87.74 W 87.74 W 65.91 W
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Table 5.23: Component losses for the LLC converter designed for use with a boost
converter for all operating points.

Loss type Op. point 1 | Op. point 2 | Op. point 3
Boost LLC MOSFETS, conduction 45.07W 45.13 W 26.02 W
Boost LLC MOSFETS, switching 4.15W 5.25 W 9.33W
Boost LLC diodes, conduction 87.74 W 87.74 W 65.91 W

It is seen from the calculations that the buck LLC performs better for switching
losses, and the boost LLC has lower conduction losses. Due to the magnitude of the
respective losses, the total MOSFET loss is significantly lower for the boost LLC.
The large difference in conduction loss in the MOSFET bridge can be explained by
the fact that the bridge needs to carry the current of the resonant tank. This current
is significantly larger in the buck based converter, resulting in much higher resistive
losses in the MOSFETs.

5.5 Final power stage selection

The final choice of topology is done here after summing up the expected losses in
all active components.

5.5.1 Active component loss summary

The two alternatives can now be compared with regards to the losses in their MOS-
FETs and diodes for all operating points. The results can be seen in Tables 5.24,
5.25 and 5.26.

Table 5.24: Summary of active component losses for the two alternative topologies
at 400V, 20 A output

Loss type Buck and LLC | Boost and LLC

Buck or boost MOSFET, conduction 40.40 W 0.33 W
Buck or boost MOSFET, switching 28.27TW 17.49W
Buck or boost diode, conduction 20.7TW 32.27TW
LLC MOSFETs, conduction 124.38 W 45.07W
LLC MOSFETS, switching 1.49W 4.15W
LLC diodes, conduction 87.74 W 87.74 W

| Total losses | 303.1W | 187.1W |
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Table 5.25: Summary of active component losses for the two alternative topologies
at 450V, 20 A output

Loss type Buck and LLC | Boost and LLC

Buck or boost MOSFET, conduction 43.44W 3.14W
Buck or boost MOSFET, switching 28.27TW 22.21W
Buck or boost diode, conduction 16.68 W 32.25 W
LLC MOSFETSs, conduction 124.38 W 45.13 W
LLC MOSFETSs, switching 1.89 W 5.25W
LLC diodes, conduction 87.74 W 87.74 W

\ Total losses | 3024W | 195.7W |

Table 5.26: Summary of active component losses for the two alternative topologies
at 600V, 15 A output

Loss type Buck and LLC | Boost and LLC

Buck or boost MOSFET, conduction 27.40 W 10.61 W
Buck or boost MOSFET, switching 21.20 W 29.69 W
Buck or boost diode, conduction 3.34W 24.16 W
LLC MOSFETS, conduction 70.16 W 26.02 W
LLC MOSFETs, switching 3.36 W 9.33W
LLC diodes, conduction 65.91 W 65.91 W

| Total losses | 1914W [ 1657TW |

It can be seen that the boost converter continues to be more efficient as the operating
point shifts towards maximum voltage, even though the difference is smaller than in
the lower voltage operating points. One reason for this is the drop in LLC MOSFET
conduction losses. As these losses are more significant in the buck based converter,
the lower losses caused by reduced output current will cause a larger reduction of
loss power in this converter than in the boost based version. The higher voltage
level also affects the buck and boost MOSFETs differently. The buck MOSFET
will have lower conduction losses due to the lower output current, while the boost
MOSFET sees higher conduction losses due to its increased duty cycle. In general,
high currents affect the buck based converter the most, while high voltages cause
more component stress in the boost based converter.

5.5.2 Selection

To summarise the result from the simulations, both setups work as concepts but the
boost setup has several benefits:

o Lower active component losses in power stage

o Lower active component losses in LLC stage

o Lower peak current in boost inductor
Due to these reasons, the boost power stage with corresponding LLC converter is
chosen as the charger topology.
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As already mentioned in Section 4.2, the idea of using a SEPIC converter was dis-
carded earlier in the project due to the lack of suitable MOSFETs. For this reason
the SEPIC was not analyzed in detail and no simulations were made. By comparing
the voltage and current stresses of the SEPIC (Table 3.3) to those of the buck (Table
3.1) and boost (Table 3.2), a rough estimate can be made. It can be seen that while
the current stress can be similar, the voltage stress is always higher in the SEPIC
for both the MOSFET and the diode, increasing switching losses in the MOSFET
and forcing the use of higher rated components which may have higher internal re-
sistance. Furthermore, the SEPIC features two additional passive components Lo
and C1, which also add to the total losses and require additional space. Considering
this, it is deemed unlikely that a SEPIC based converter would have been a more
efficient choice than the selected boost based converter topology.
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Converter Design

In this chapter, the final topology is turned into a complete converter schematic with
real components, control hardware and auxiliary circuitry, see Figure 6.1 for block
schematic. The proposed power transformer is manufactured and partially tested.
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Figure 6.1: Block schematic of the chosen converter topology.

6.1 Input rectifier

A simple diode rectifier is selected to provide DC power for the boost converter.
The chosen rectifier is International Rectifier 36 M T, which is rated for a maximum
repetitive peak reverse voltage of 1000V and a DC output current of 35 A. It was
mainly chosen as it fulfilled the ratings needed and was in stock at the production
facility. As mentioned in Section 1.3, this solution is not ideal, but used here for
simplicity in order to focus on other parts of the design.
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6.2 Boost converter design

This section covers the component selection and design process of the boost converter
stage used in the final design.

6.2.1 Boost inductor

As with most components in this project, it was hard (or impossible) to find a
supplier that could source a suitable part with the given parameters. Therefore the
boost inductor was designed to be a prototype, handwoven inductor with a ferrite
core. To simplify and speed up the design process, the inductor design tool from
FerroxCube [52] was used. FerroxCube is a ferrite core manufacturer which has made
a design suite for matching different cores to different application specifications. It
has several applications, one of them being an inductor design tool, see Figure 6.2
for picture. The inductor design tool needs to be fed several specifications to find a
suitable core. The needed input is:

o Core size

o Core material

o Inductance

e Maximum current

o Ambient temperature

o Copper fill factor

Inductor design

Input - Inductor specification Input - Shape / Material
Inductor type L 0,265 mH Core type M aterial grade
|Induct0r ﬂ Ide 77 A
‘Winding type Tamb g0 C
|2 section coil former ﬂ Trmax ’w o
M agnetic circuit choice Fidcmax o
|Minimum core size with airgap j Copper fill factor ’—50 % )
N _ _ it 2300
Cail inzulation spacing mn Metti e ey
ground -
Output
fix
Coresize [Eripazae - W Gap type Single airgap in center leg. Ade 0oz o
le 149 mm Tatal airgap 54 mm Wire size 2800 mm
Ag gg3 ot Parasitic airgap 25 pm O perating termp. 08 C
We 102000 e pe 43 Winding dizsipation 11 W
& rH B mT
L & a5 Data sheet
N 3

Figure 6.2: Picture of the inductor design tool in FerroxCube Design Suite.
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The core size and material type go together to a single combination per core, but
are linked to different properties of the application. The size is mainly linked to
the power that needs to be put through the inductive element. As 9kW is rather
large, the cores suggested are on larger end of the spectrum of the standard sizes
for each shape. The shapes suggested are the U- and E-shapes. However, as for the
SiC components, the most suitable cores were not available at the time of purchase.
The preferred cores were E100/60/28, E71/33/32, U126/91/20 and U93/76/16, of
which only the E71/33/32 core was available. The most suitable material available
for the E71/33/32 size was 3C94 ferrite [53]. 3C94 is appropriate for low frequency
(less than 300 kHz), high power applications as it has a high saturation rating [54],
see Table 6.1 below for a selection of ratings for the E71/33/32 3C94 core. This also
makes it suitable for the transformer in the LLC converter stage. Being able to share
components between the converters are preferable from a practical point of view,
for example being able to share spares during testing, etc.

Table 6.1: E71 3C94 Core properties [53]

Property Value
Saturation flux density, Bs. 320mT
Effective core volume, V, 102 000 mm?
Effective core area, A, 683 mm?
Effective core length, A, 149 mm

Inductance and maximum current have been covered in Section 5.2.2, one needs to
pick matching set of values from Table 5.14. For the copper fill factor, a bobbin
(also known as a coil former) is needed to give a fitting estimate. As for the cores
themselves, matching bobbins were hard to come by at a reasonable cost. There-
fore the coil former mentioned in Section 6.3.3 was used as a base for a 3D-printed
bobbin made in-house. As the aforementioned bobbin is made for a double stacked
core of the same size, the new one was simply shortened to fit a single core, whereby
inheriting the same winding area A,. With this, the copper fill factor is set at a
moderate 0.5. The ambient temperature is hard to predict, and is therefore set at
achievable 60 °C. This value can be altered at later stages by adding more cooling,
for example a fan or similar.

With the values locked down, several inductance-maximum current value combina-
tions were fed into the design tool. With the E71/33/32 3C94 core locked in, the
inductance span 120 uH to 265 pH could be solved for. Larger values of inductance
caused issues in the suggested size of the air-gap in the centre leg, which subse-
quently caused problems with the operating temperature. See Table 6.2 below for a
summary of suggested designs in the above mentioned inductance range with their
corresponding operating values calculated by the design tool.
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Table 6.2: Suggested designs for 120 pH to 265 pH boost inductor

Prop. L 120pH | 150pH | 200pH | 250pH | 265 nH
Flux density max, B, | 284mT | 315mT | 306 mT | 287mT | 282mT
Air-gap length 33mm | 34mm | 3.8mm | 49mm | 5.4mm
Number of turns, N 20 21 25 31 33
Wire size, diameter 3.50mm | 3.50mm | 3.15mm | 2.8mm | 2.8 mm
Operating temp 91°C 87°C 93°C 106°C | 108°C
Winding resistance 6.5m | 7.3mf) 11 mQ 18m | 20mS2

The next design step is to find components that could fit the suggested designs
and/or make adjustments to the designs to fit the available parts. If designs couldn’t
be realised with the available components, they will be discarded. Due to time
constraints further design and manufacturing of a prototype was stopped. However,
as the rest of the boost converter design needs an inductance value, the 120 nH case
is chosen to be used for further design development. This is due to that most of its
case specific data is already known and as it is the lowest suitable inductor value,
it will cause the highest max- and RMS-current values, which leads to worst case
scenarios for other components, whereby making the rest of the converter compatible
with larger inductance values.

6.2.2 Power MOSFET

As mentioned in Section 4.5 the C2M0040120D SiC power MOSFET from Cree, Inc.
was the preferred choice of component for purchase. As it was one of the few that
was available, it was chosen.

6.2.3 Gate driver

The ACNU-3430 gate driver from Broadcom is used to drive the gates of the selected
SiC MOSFETS. This gate driver is chosen for its high common mode noise immu-
nity of 100000kV /us and current carrying capacity of 5A. A 4.7 gate resistor is
added between the driver and the gate of each MOSFET in order to limit the gate
current below 5 A.

The loss calculations for the MOSFET which were performed in (5.5.1) used rise
and fall times from the manufacturer datasheet [38], assuming gate driving voltages
of =5V to 20V and a gate resistor of 2.5€2. The low voltage power supply used
in this converter provides voltages of —4V to 18 V. According to the datasheet, a
conservative estimate is that this increases the rise time from 52ns to 60ns and
the fall time from 34ns to 42ns. As a result of this, the switching losses in the
boost converter MOSFET increase by 18.6% and the switching losses in the LLC
MOSFETSs increase by 23.5%.
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6.2.4 Power diode

The C4D40120D SiC Schottky diode from Cree, Inc. that was used for simulations
was also intended to be used for the converter design. Unfortunately this compo-
nent went out of stock before it could be purchased, and an alternative component
was found. The FFSH40120ADN__F155 [55] SiC Schottky diode from ON Semicon-
ductor was chosen as a replacement diode. It features the same voltage rating of
1200V as the originally selected component and a continuous forward current of
40 A. This is slightly lower than the C4D40120D, but still sufficient for this appli-
cation. Other properties of the two diodes are also found to be similar enough to
use the FFSH40120ADN__F155 as a replacement without further modification of
the converter. When comparing forward voltage drop at rated current, it is lower
for the new diode (2V compared to the 2.2V for the C4D40120D that was used for
loss calculations). Therefore the new diode turns out to be a better choice.

6.2.5 Control circuit

To minimise the amount of programming needed to operate the charger, as the
project is focused on hardware design and potentially save additional time spent
programming, an extra IC called LM5020-2 [56] from Texas Instruments is added as
a controller for the boost converter. The LM5020-2 IC is made for control of switch
mode power supplies, and the pin layout with most of its associated circuitry can be
found in Figure 6.3. The complete circuit is available in Appendix A. It can output
a PWM signal with a maximum duty-cycle of 0.5 and change it dependent on its
control input. With some added analogue electronics, the XMC micro-controller can
use one of its analogue output pins to control to the LM circuit. Furthermore, it has
functions such as soft-start, current limitation, input voltage too low, etc.

To control the boost converter via the LM5020-2 the COMP-pin in Figure 6.3 is used.
The manufacturer recommends using it to bias the transistor side of an opto-isolator,
in this case the Lite-On LTV-217-B [57] is used. The COMP-pin is internally fed
by 1.4V, which then is fed forward into the duty-cycle logic. As the voltage on the
COMP-pin is changed by external circuitry, the duty-cycle is adjusted along with
it. 0V would cause the duty-cyle to drop to 0. The LED side of the opto-isolator is
controlled by the boost converter output and the XMC processor. From the boost
converter output voltage Vioost.out, @ voltage divider (Rpiy1, Rpive) is used to reduce
the voltage to a manageable control voltage and feed the anode of the opto-isolator.
A analogue output of the XMC (X MCy ) is connected to the cathode through an-
other voltage divider (Rpiy3, Rpiva) and it can be used to bias the diode depending
on the desired output voltage. When the opto-isolator conducts, the COMP-pin is
virtually short circuited to ground. With this dynamic, the PW Mp,,s; duty-cycle
can be adjusted by the present output voltage and the desired output voltage. The
soft-start function, which is controlled by the SS-pin, is internally connected to the
COMP-pin as well, however with a designed 0.35V to 0.75V offset. By connecting
a capacitor, Csg, to the SS-pin, an internal current source of 10 pA will charge the
capacitor. As the voltage on the SS-pin will ramp up as the capacitor is charged,
the voltage on the COMP-pin will follow. As the duty-cycle will be limited until
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Figure 6.3: Pin layout of LM5020 IC with its associated circuitry.

charging has negated the voltage offset, a soft start function is achieved. As the size
of the capacitor will decide the length of the soft start time, an appropriate capacitor
value will have to be tested before future charger use.

The VIN-pin is the voltage supply pin for the IC and it is therefore connected
to the on-board low-voltage supply, using the 18V level. The VCC-pin is a 7.7V
reference output from the internal logic of the IC that isn’t used and therefore is left
unconnected (NC). Another function is the under voltage line detection (UVLO),
which is controlled by the UVLO-pin. The pin needs to be fed 1.25V for the IC
to start operation. Therefore it is connected with a voltage divider (Rdiv5, Rdiv6)
from the low-voltage supply. If the low-voltage supply would fail, the voltage on the
UVLO-pin would drop and the LM5020-2 will clamp the PW Mpg,,s; duty cycle to
0. The RT/SYNC pin sets the switching frequency of the PW Mp,,s signal using
an external resistor, Rgy,.. The switching frequency of the converter, f,, was set
to 50kHz in previous sections and to achieve that, the resistance value needed was
calculated using (6.1) from the data-sheet [56],

1

Rs nc — )
vne = U316 - 1012

(6.1)

which yields Rgypn. = 63.3 k(2.

The CS-pin is the over current/current control input for the IC. If the pin is not
fed > 0.5V, the PWM-output will be clamped to 0 until it has been pushed over its
limit again. Both over current protection and current control signals are available
in the XMC processor and therefore the pin is connected to another XMC analogue
output pin, such that it can control the boost converter dependent. The VFB-pin
is an input for a internal error amplifier which can be used in conjunction with the
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COMP-pin. As the need for additional error amplification has not been investi-
gated, the pin has been connected to ground, as to affect the IC as little as possible.
The OUT-pin is the PWM output from the internal duty-cycle logic. It is directly
connected to the driver circuitry for the boost switch.

In total, the full boost converter schematic, with all the components and signals
mentioned on the section above, can be seen in Figure 6.4. Additional circuits needed
for the boost converter operation, the DC-link see Section 6.4, Pre-charge see Section
6.4.3 and XMC microcontroller see Section 6.6.

Boost Inductor FFSH40120ADN_F155
Lpoost SiC Schottkey Diode
Vin + O—"M Pt O Vou +
_lPWM Boost Gate Driver
Uou + "] Controller Circuitry : C2M0040120D
XMCy, Circuitry ACNU-3430 SiC MOSFET
XMCei—>] LM5020-2 <
Vin— O O Vour —

Figure 6.4: Schematic of the full boost converter

6.3 LLC converter design

This section covers the component selection and design process of the LLC converter
stage used to provide galvanic insulation between the boost converter and the output
of the battery.

6.3.1 Resonant capacitor

In high-powered resonant converters the series resonant capacitor can be a limiting
factor due to the high voltages and current passing through the capacitor at high
frequencies. This drastically limits the options when selecting a suitable component.
A polypropylene film capacitor from EPCOS/TDK, model number B32653A8103J
[58], is chosen for this task as it was the only polypropylene capacitor found which
had a sufficient voltage rating at the selected operating frequency. This capacitor is
rated for 2000 V at DC, and approximately 550 V RMS if operated at a frequency of
75kHz and with an ambient temperature of less than 90 °C. The selected capacitor
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has a capacitance of only 10nF, so in order to realise the desired resonant circuit,
ten capacitors are connected in parallel.

6.3.2 Resonant inductors

The voltage and current stresses on resonant inductors L, and L,, have been cal-
culated in Section 4.6.1 assuming an ideal transformer. Due to the unknown values
of the real transformer’s leakage and magnetising inductance, the exact inductance
values of additional inductors L, and L,, cannot be determined until after the trans-
former is built and tested. For L,, desired inductance is equal to

Lr = Lr,tot - Lleak (62)
and for L,,
1
L=~ (6.3)
Lm,tot Lmag

The design process can then be carried out similar to the boost inductor, although
no DC component of the current will be present in the resonant inductors.

6.3.3 Transformer

The Ferroxcube design tool, used earlier for the design of the boost inductor, can
also be used for transformer core selection. For a throughput power of 9kW, the
design tool suggests using large E-cores such as the E100/60/28, alternatively U-
cores or toroids of similar dimensions. These core were unfortunately, at the time of
designing, difficult to order from suppliers. Instead it was decided to build a trans-
former using two smaller cores of the type E71/33/32, as both the cores themselves
and corresponding double bobbins were readily available. The chosen ferrite type
is 3C94, a material suitable for power transformers operating at frequencies below
300 kHz. Some properties of the chosen core and bobbin configuration are listed in
Table 6.3

Table 6.3: Core and bobbin properties

Property Value Source
Recommended peak flux density, B,,q, | 270 mT Design tool
Effective core area, A, 683 mm? Core datasheet
Effective core volume, V, 102 000 mm? Core datasheet
Winding area, A, 389 mm? Bobbin datasheet

The number of turns required on the primary side of the transformer can be calcu-
lated according to (3.42). The maximum flux density swing AB is twice the peak
flux density listed in Table 6.3. However, in order to provide plenty of safety mar-
gin, only half the maximum value of AB is used for the calculation. This results in
14.79 =~ 15 turns for the primary winding, and 10.84 ~ 11 turns for the secondary
winding.
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For the designed operating frequency of 75kHz, the skin depth can be calculated
according to (3.43) using properties for copper [9], i.e. p = 1.724 % 1078Qm, p =
o = 47 * 107"H/m resulting in a skin depth of § = 241 pm, meaning that the skin
effect can be eliminated by using wire with a diameter less than d = 26 = 582 pm.

A type of litz wire is available which has a strand diameter of 100 pm, which is more
than enough to mitigate the skin effect at this frequency. Each litz wire of this type
can carry a rated current of 3.36 A, so several wires need to be connected in parallel.
The primary winding needs 5 parallel litz wires and the secondary winding 6 parallel
wires. The total available winding window for the selected core is 384 mm? and the
copper area of one litz wire is 0.94 mm?. Assuming a fill factor of 0.4 for this wire,
the total area required for the desired winding configuration becomes

2
A = (155411 (>; i) 0.94mm* 331 mm? (6.4)

filling up 85% of the available winding window.

The winding losses can be calculated using (3.55) and (3.57). The primary winding
has 15 turns, a total copper area of 0.94 * 5 = 4.7mm?, and the M LT of the
bobbin is 230.5 mm. The secondary winding needs 11 turns, and has a total area of
0.94 % 6 = 5.64mm? The calculated winding resistance is

B 1.724 %« 1078Qm * 15 * 230.5 mm

= 12.7mf} .
R, 17 7m (6.5)
for the primary winding and
1.724 % 1073Q 11 % 230.5
R, = i xS F O 7 8 mQ (6.6)

5.64 mm?

for the secondary. Corresponding power losses are 2.7 W in the primary and 3.1 W in
the secondary, for a total winding loss of 5.8 W. Note that the use of the same M LT
for both windings is a simplification that may cause some error in the calculation of
the resistance.

The expected magnetising inductance can be calculated using

NZ24,
I

L = popiy * (6.7)
using the transformer core datasheet values for relative permeability u, and effective
flux path length [.. Using the values for initial permeability and taking into account

the manufacturer tolerances, the inductance value is calculated to be between 4.8 mH
and 7.4 mH.
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6.3.4 Transformer testing

The transformer designed in Section 6.3.3 was manufactured and some basic tests
were performed.

The transformer windings were connected one at a time to a DC power supply
providing a current of 10 A and the voltage drop was measured for each winding.
The results are listed in Table 6.4.

Table 6.4: DC resistance of transformer windings

Winding Measured voltage Resistance
Primary 141.7 mV 14.17 mQ2
Secondary 103.0 mV 10.30 mS2

This is slightly higher than the values calculated in (6.5) and (6.6), and the great-
est uncertainty in the calculations is likely the value of M LT. It can be seen that
the error is larger in the secondary winding, which is wound on the outside of the
primary and therefore requires more wire per turn. With the measured resistance,
the total power loss is instead 7.2 W for both windings.

The inductance of the primary transformer winding was measured using an LCR
meter at different frequencies, once with the secondary winding open and once with
the secondary winding short circuited. The results from the open circuit testing are
listed in Table 6.5 and from the short circuit test in Table 6.6. It can be seen that
the inductance of the core increases with the applied frequency in the open circuit
test. This is possibly due to a change in permeability of the ferrite material [53]. The
LCR meter failed to give an inductance value for the short circuited transformer at
100 Hz. Measuring small inductances at low frequency is generally difficult due to
the fact that the total impedance at low frequencies is significantly influenced by
resistive loss in the coil. In any case, the relevant measurements are within the range
10kHz to 100 kHz for this application.

Table 6.5: Primary side inductance, open secondary

Applied frequency Measured inductance
100 Hz 4.73mH
1kHz 4.74mH
10kHz 4.71mH
100 kHz 8.00mH

In these measurements the open circuit inductance corresponds to the magnetising
inductance, and the leakage inductance is neglected as it is much smaller. Conversely,
in the short circuit test the magnetising inductance is neglected due to its size. In
conclusion, the transformer inductances do not pose a problem for the design of
the LLC converter. The leakage inductance is much smaller, and the magnetising
inductance much larger than the design values of the resonant tank. This means
that (6.2) and (6.3) can be used to finish the design of the resonant tank, either
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Table 6.6: Primary side inductance, closed secondary

Applied frequency Measured inductance
100 Hz -

1kHz 5.51 nH

10kHz 5.68 nH

100kHz 5.65 nH

0 10 20 30 40 50 &0 70 80 an 100
t [ms]

0 10 20 30 40 50 60 70 8O0 90 100
t [ms]

Figure 6.5: Transformer voltage and current at 50 Hz, no saturation.

by adding L, and L,, physical inductors or by incorporating the inductances into
the transformer. The magnetising inductance of the transformer can be adjusted by
incorporating an airgap into the transformer core.

In this test, the primary winding was supplied with a sinusoidal 50 Hz voltage from
a low voltage autotransformer connected to the grid, while the secondary winding
was left open. The voltage was increased gradually until the transformer showed
signs of saturation. In Figure 6.5, an applied voltage with a peak of approximately
1.2V results in a current of around 0.55 A. The current shape is sinusoidal and the
core shows no sign of saturation. In Figure 6.6, the applied voltage is above 2V
and the induced current is starting to peak, indicating that the transformer core
is saturating. It can also be seen from the voltage plots that the voltage that was
available for the test is slightly distorted. To compare the 50 Hz results to the actual
operating point at 75 kHz, one can compare the area under the voltage plot for one
half cycle in both cases. For the 50 Hz case this area is extracted from the figure
and found to be 0.0077 V s. By comparison, the area of the switching voltage during
normal operation would be equal to V,./(2fs) = 0.0055 V's in the worst case where
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Figure 6.6: Transformer voltage and current at 50 Hz, beginning to saturate.

the output voltage is the highest. In conclusion, the test shows that the transformer
is able to handle higher voltages than will be present at normal operation without
saturating.
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Figure 6.8: Thermal image of the transformer at the end of the winding load test.

With the primary winding still connected to the autotransformer, the secondary
winding was short circuited and the output voltage adjusted so that the current
flow in the windings corresponded to 20 A in the secondary winding. Figure 6.7
shows the transformer connected to the autotransformer. The transformer was left
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running this way for one hour, during which the temperature of the windings was
measured using a thermal imaging camera. This was done in order to get a first
indication of the heating of the transformer during operation. Figure 6.8 shows one
image taken by the camera at the end of the test. At an ambient temperature of
23°C, the maximum temperature measured was 39.6°C. This is well within the
limits of operation for the transformer, but does not include core losses as these are
negligible at the applied voltage and frequency. In order to verify the actual thermal
performance of the transformer, a test at full power has to be done.

6.3.5 Controller

Analog controller ICs that are optimised for PFM control of half-bridge and full-
bridge resonant converters are available from several manufacturers in different ver-
sions. They all provide similar functionality but differ in terms of switching frequency
interval and availability of additional features.

The UCC25600 Resonant Mode Controller from Texas Instruments [48] has the ad-
vantage of being one of the least complex designs available with only eight pins to
connect, while providing all necessary functions for this particular application. The
available functions that will be used are:

o Adjustable dead time of the gate signals, which will be set to a higher value
in case the minimum dead time cannot be used.

e Overcurrent protection, which can prevent damage to the switches by quickly
turning off the converter if an overcurrent is detected.

o Adjustable switching frequency, so that the switching frequency can be tuned
to the actual resonant frequency of the resonant circuit.

o A soft start function, which will prevent inrush currents during the startup
sequence of the converter.

The switching frequency and dead time adjustments allow the controller to be used
with different resonant circuits, gate drivers and switches. The overcurrent and soft
start functions will, in combination with other safety functions and the design of
the power circuit itself, protect the components from damage during normal and
emergency operation. A schematic showing the UCC25600 can be seen in Figure
6.3.5.
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Figure 6.9: Pin layout of the UCC25600 controller.

The RT pin is used to control the switching frequency, and subsequently the con-
verter gain, by varying the resistance between the pin and ground. For the purpose
of simplifying the design of this converter, intended to operate at unity gain only, a
simple analog potentiometer with a maximum resistance of 10 k(2 is used to set the
switching frequency. The potentiometer allows modifying the switching frequency
in order to compensate for non-ideal resonant elements or for testing the converter
at different frequencies. To tune the controller to the desired operating frequency of
75 kHz, the required resistance is 2.7 k€.

The DT pin works in a similar fashion, but does instead control the dead time
of the gate pulses. Utilising the dead time to achieve ZVS is an important part
of resonant controller design, and for this reason controller ICs offer the option to
adjust this property. For the purpose of testing the converter prototype, the DT
pin is connected in the same way as the RT pin using a 10 k() potentiometer. The
initial setting for the dead time is set to the minimum value of the controller, 120 ns.

The overcurrent pin (OC) shuts down the converter if the voltage on the pin goes
above 1 V. A current sensor, further described in Section 6.5.2 , connected to a peak
detector circuit is used to generate the voltage signal S; based on the sensed cur-
rent in the resonant tank. Once the current drops to a value corresponding to a pin
voltage of less than 0.6 V, the converter is started up again.

Similar to the PWM controller used for the boost converter stage, the UCC25600
also features a soft start pin SS to ramp up the output in a controlled fashion during
startup. A 30 nF capacitor is used as soft start capacitor Cy, resulting in a soft start
time of 16.8 ms. During this time, the converter operates with higher than nominal
switching frequency. This increases the impedance of the resonant tank in order to
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reduce the initial current. The switching frequency drops linearly during the soft
start time and reaches the nominal frequency at the end. The switch Sw; is a reg-
ular mechanical switch used to short circuit the SS pin to ground, preventing the
LLC converter from starting up. This can be useful in a situation where operation
of the LLC converter is not desired, such as when testing the boost converter stage
separately.

The outputs GD1 and GD2 are gate driver outputs generating alternating gate pulses
for the converter bridge. The signals Sy and S3 are sent to gate drivers described in
Section 6.2.3. How the gate drivers connect to the lower and upper leg MOSFETs
can be seen on page 11 in the final schematic in Appendix A.

6.4 DC-link design

The dc-link is a bank of capacitors situated between the output of the input rectifier
and the output of the boost converter. Its main purpose is to smoothen the input
voltage to the LLC stage and keep it as stable as possible, as it will have accumulated
ripple from both the input rectification and the switching in the boost converter.
To design and operate this capacitive bank in a effective and safe manner, there are
several precautions that needs to be taken into consideration.

6.4.1 Size and placement

Deciding the size of the dc-link is often a balancing act between physical space on
the PCB, allowed voltage ripple and the current that needs to be put through. A
generally allowed voltage ripple is 5% [16], [30] of the output voltage, and 5% is
therefore set as a goal also in this application. The switching component that will
most likely create the ripple is the propagated third multiple of the line frequency
from the input mains [16], [30], rather than the switching ripple from the actual
boost converter. For this application, the DC-link capacitance can be approximated
as

o P, max
- ’
27TVDC ‘/ripple fprop

with values from the chosen topology. The worst case for ripple is when the output
voltage from the boost is at its lowest, see Table 6.7 for values;

Cpc (6.8)

Table 6.7: Operating point values for worst voltage ripple case.

Property Value

Vbe 545V

Pras 7.99 kW
Viipple 2725V

Jiine 3-50 = 150 Hz
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These values lead to C'pe > 5.71076 %10~ 4 ~ 571 nF. Note that a larger capacitance
value will result in even smaller ripple.

The bulk capacitor that was chosen is the 470 pfF EPCOS-TDK B43642A5477M000
[59] as it has good ratings and was available in stock at the facility. The capacitor is
rated to 450V, therefore it needs a series connection to ensure 820V usability. Due
to this series connection, discrete 235 pF steps become the main building blocks of
the DC-link. Each capacitor also has an AC peak rating of 5.48 A. Due to this lim-
iting factor, more parallel branches should be added to decrease the current carried
by each branch if the peak is too high. As the EPCOS capacitors are of the alu-
minium electrolytic type, they have comparatively high series resistance and series
inductance. For this reason their proficiency at dealing with high frequency rip-
ple is low, and therefore a smaller, 10 pF polypropylene capacitor is added to deal
with the high frequency switching transients. The capacitor chosen is the Vishay
MKP1848C61090JK2 [60], as it has a voltage rating of 900 V and was in stock at
the facility.

A LTspice model based on the previous boost converter simulations with an added
rectifying bridge was set up to simulate optimal DC-link placement and size, see
Figure 6.10 for example circuit and Table 6.9 for symbol explanation. Four main
cases were selected, each sub-case having the same total capacitance but different
placements, see Table 6.8 for case presentation.

Table 6.8: Simulation cases for voltage ripple simulation.

Case # | Capacitance at rec- | Capacitance at | Total ca- | Total # of used
tifier output boost output pacitance | capacitors
e ;,0*11225 JF + 10 uF 18 i? T2 posr | 8
gé 1110*11225 pF + 10 pF 18 i? TAR2RE g0 s 10
g:; éipz; pF + 10 pF ?0*11255 WO 05 mE 12
ié é0*11225 nF + 10 pF ?0*11255 HEEIORE g | 14

Case 1 represents the lowest number of 235 nF branches needed to surpass the cal-
culated capacitance in (6.8), while cases 2 to 4 are each one branch larger to see
what benefits that can be gained from an increase in size.
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Figure 6.10: LTspice simulation circuit for voltage ripple simulation

Table 6.9: Boost converter output ripple LTspice schematic symbol description.

Symbol Description Value
V3, V9, V10 Phase voltage sources 325V, 50 Hz
V4 Pulse voltage source for PWM -5V to 20V
V1, V2 DC voltage sources for temperature control of MOSFET 25V, 125V
V6, V11 0V voltage voltage sources for current tracing ov
I1 Simulated load as a current source 14.67 A

Ul Boost Diode model N/A

U2 Boost MOSFET model N/A
U1, U4-U8 Rectifier Diode model N/A
L1 Inductor with parallel resistance in model 120 nH

C2 Electrolytic input/output capacitors 0.705mF to 1.41 mF
C2, C3 Polypropylene input/output capacitors 10 pF

Worth noting in the circuit is that C2 moves from the input to the output depending
on case. Each case was simulated for 50 ms to reach steady state operation. See
Figures 6.11 and 6.12 for zoom plot of the voltage ripple of 10 ms steady state
operation with all cases and their associated average value. Numerical values for
ripple voltage and peak current per branch are presented in Table 6.10. The current
through each parallel branch is the value corresponding to the rated peak current
value mentioned above for the bulk electrolytic capacitor, as it, due to its size, will
do most of the heavy lifting.
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Figure 6.11: Case 1 and 2 simulated voltage ripple.
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Figure 6.12: Case 3 and 4 simulated voltage ripple.
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Table 6.10: Voltage ripple and peak current though each parallel branch per case.

Case # Voltage ripple Leqr, per branch
1.1 7.017% (£3.509%) 11.574 A
1.2 7.946% (£3.973%) 10.748 A
21 | 5.438% (£2.719%) 8.386 A
2.2 6.584% (+3.292%) 8779 A
3.1 4.508% (£2.254%) 6.547 A
3.2 5.732% (+2.866%) 7.348 A
4.1 3.907% (£1.953%) 5.361 A
4.2 5.107% (£5.553%) 6.287 A

As seen from the values, both case 3.1 and 4.1 meet the ripple requirement but only
4.1 has a lower peak current than the rated value of the bulk capacitor. Therefore
case 4.1 is chosen as the suitable setup, i.e one 10 pF polypropylene capacitor at the
output of the rectifier, one 10 pF polypropylene capacitor connected in parallel with
a bank of six series connected branches of 470 pF aluminium electrolytic capacitors
at the output of the boost converter, in total 1.43 mF.

6.4.2 Balancing and discharge

With several large capacitors connected in series and parallel, issues can occur with
uneven voltage distribution over the capacitors as their manufacturing tolerances can
be rather large. To mitigate this uneven charging, the manufacturers recommend [61]
using a balancing resistor over each parallel branch through which the capacitors can
discharge slowly. The resistor is designed to draw a current ig;s > %jeqr, Where ieq) is
the leakage current through the capacitors which cause the unbalanced charge. As
the built in discharge current is then defined by the resistor and not the tolerance
difference in the capacitor, it can be designed such that the leakage current can be
neglected. EPCOS, the electrolytic capacitor manufacturer, recommends choosing a
balancing resistor according to

Rbalance = 100 M2 * (69)

1
JN,Cr'
where N, is the number of capacitors in parallel (= 6) and C is the capacitance of a
single capacitor in puF'. For one capacitive branch the resistance becomes Rpqiance =
8.68613384 * 10* ~ 86.7k. Worth noting is that smaller resistance would lead
to a higher current and therefore a more balanced network, and a parallel branch
can share the same balancing device. This balancing resistor can also double as a

discharge resistor to discharge the DC-link when the charger is turned off. During
discharge, the DC-link can be simplified to a RC-circuit, see Figure 6.13.
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Ve + O

Reqv § = Crgv

Figure 6.13: Equivalent circuit of DC-link when discharging.

With the values from the DC-link applied, RC circuit obtains Crgyv = Cpo—iink =
1.43mF, and as there are two series connected parallel branches, Rpov = 2 *
Ryatance = 173.4kQ. The discharge of a RC circuit can be can be expressed through

Vdischarge(t) = Vb(l - 6_ ReQvCEQV ) (610)

When adding in the values from above and the highest operating voltage, V, =
818.2V, the time until the DC-link voltage drops below 60V, the limit of high volt-
age as defined by Formula Student rules, after a shut off is 647.8sec, or a little
more than ten minutes. As this voltage is contained inside the converter, i.e not
in direct contact with any output, there is no direct danger in operation with this
rather slow discharge. However, as a precaution, a voltage measuring circuit which
drives a couple of LEDs has been added to give a visual indication if the DC-link is
charged above 30V or not. The sensing circuit uses a high voltage MOSFET (IXYS
IXTA3N150HV [62]) which acts as a switch for turning on and of two LEDs. The
MOSFETSs gate is controlled by a zener diode (ON MM5Z15VT1G [63]) based volt-
age reference which is compared to the voltage on the positive pole of the DC-link. If
the DC-link voltage exceeds 30V, the MOSFET turns on and lights up the diodes.
Current limiting resistors are also in place to avoid overloading any components. The
30V threshold was chosen as the LED circuit is based on similar circuit designed
by Aros Electronics and the threshold was carried straight over. This indication will
help during development and operation, as it will give a hint to the operator if the
charger still has energy stored inside it and is therefore potentially dangerous.

The chosen balancing/discharge setup is small network of two series connected TE
Connectivity 352227KFT [64] surface mounted 27 k2 resistors per parallel capacitor
branch, i.e four resistors in total, see Figure 6.14 for full circuit of the DC-link and
Table 6.11 for symbol description.
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Figure 6.14: Full schematic of DC-link with balancing and LED indicator.

Table 6.11: DC-link circuit symbol description.

Symbol Description Value
Cp Polypropylene capacitor 10 pH
Cp Al electrolytic capacitor 470 nH

Rpc Discharge resistor 27k

Dy Zener diode N/A
Rrrv Current limiting resistors | 5.6 k€2 to 470 k(2
Trep On/Off MOSFET N/A
Drep LEDs in 1206 package N/A

The setup sums up to 427 k) = 108 k€2, which is less that the that above calculated
value, which as mentioned will result in a more balanced cap bank. This change in
resistance also leads to cutting a little more than four minutes from the above
mentioned discharge time, see Figure 6.15 for comparison of the voltage during a
discharge cycle.
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Figure 6.15: Comparison of discharge voltages over time for different discharge
resistor values, red: 173.4 k€2, blue: 108 k2.

The final discharge time to 60 V becomes 403.5s (6 min and 43.55s), which leads to a
peak power dissipation per resistor of 1.55 W, which is well below the TE 352147KFT
rating of 3W.

6.4.3 Pre-charge

The purpose of the pre-charge circuit is to charge the dc-link to the voltage which
is required at the start of a charging cycle. As the dc-link consists of a bank of
capacitors and no current limiting elements, there will be a huge inrush current if
it is directly connected to a high voltage input, such as the rectified three phase
voltage supply. This current will most likely cause harm to the components in the
current path, as it could be in the realms of several hundred ampere.

As a boost converter’s lowest output voltage is the input voltage to the converter,
it is not possible to pre-charge with just the boost stage in this design. Furthermore
one of the capacitors is placed before the boost converter. A simple design for a sep-
arate charging circuit to cover the window from zero to the input voltage consists of
a current limiting resistor in the current path from the input and a bypass parallel
to it controlled by a relay. The boost diode is used to stop any current from flowing
from the output side to the input rectifier side, see Figure 6.16 for circuit.
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Figure 6.16: Schematic of pre-charge circuit placement in charger block schematic.

When the dc-link voltage has reached the maximum voltage that the pre-charge
stage can output, the boost stage will take over and charge the dc-link up to a volt-
age which is sufficient for normal operation. As the resistive pre-charge will never be
able to charge to the same level as the input due to voltage drops over the resistors
and diode, there will be a small transitional period where there will be a current
spike as the boost stage is turned on. To limit this spike, a large boost inductor value
is preferred together with the soft start functions of the LM IC. There are many
components on the market that would fit this application. Components chosen are:

Resistor: Ohmite TUM15J5K6E [65]. The chosen resistor is a 5.6 k(2 resistor rated
for 15 W of power continuously. The resistor can be overloaded with five times the
rated power for five seconds, i.e. 75 W. To reduce the time needed for pre-charge,
and also the voltage drop, five of these resistors are connected in parallel. This con-
nection gives Rpoy = 1120 €.

Relay: TE Connectivity’s T9AS1D12-5 SPST [66]. This relay was chosen as it has
sufficient ratings, can be PCB mounted and was available in stock.

To summarise, a pre-charge with this setup would result in a rise of the DC-link
voltage seen in Figure 6.17 with a charging current running through the resistor seen
in Figure 6.18. The DC-link would then be charged to 536 V, 99.63% of the input
voltage in ~ 11.2s. The charging current peaks at 0.480 A at the starting point
and decays as the charging takes place. The peak power put through each resistor
becomes

eharge.mas ) 2 0.48A\°
Prears = (%) % Ryes = <5> %5.6kQ =51.609 ~ 52W.  (6.11)
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As the current decays, so will the power put through each resistor. At 5s, the
current is close to 0 A (=~ 0.0212 A) and power will be below the pre-charge resistors
continuous power rating. When the DC-link is charged to the input voltage, the
boost converter takes over the pre-charging, if further pre-charging is required.
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Figure 6.17: Pre-charge voltage over one pre-charging cycle with suggested setup.
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Figure 6.18: Pre-charge current during one pre-charge cycle with suggested setup.

6.5 Auxiliary circuit design

Apart from the power stages, their gate drivers, and the intermediate DC-link that
bridges them, additional circuitry is required in order to build an operational battery
charger. To verify the function of the charger during testing as well as monitor
the state of the battery and the DC-link, voltage and current sensing should be
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implemented at points where the voltages and currents are of interest. As an extra
safety measure, a standalone overvoltage protection circuit is also integrated into
the charger circuitry.

6.5.1 Voltage sensing

The voltages deemed most interesting during normal operation of the charger are the
input voltage from the diode rectifier, the DC-link voltage and the output voltage.
Out of these three voltages the first two can be measured using simple voltage
dividers scaling the measured voltage down to a level that can be measured directly
using the XMC processor. The output voltage does not share a ground with the
XMC and therefore needs to be measured through an isolated interface. A Texas
Instruments AMC1301-Q1 isolated operational amplifier is added for this purpose.
A separate transformer winding on the isolated low voltage power supply (see pages
3-4 in Appendix A) is used to provide power to the operational amplifier on the
output side.

6.5.2 Current sensing

Three LEM LTS 25-NP current sensors are installed in order to monitor currents
in the power circuitry. One sensor is connected between the input rectifier and the
boost converter, measuring the input DC current to the converter. Another sensor
is connected between the output rectifier and the output connector, measuring the
current flowing out of the charger and into the battery during charging. The last
current sensor is inserted into the resonant tank, measuring the resonant current
in order to monitor the function of the LLC converter and detect overcurrents if
necessary.

6.5.3 Overvoltage protection

To lower the risk of an overvoltage happening inside the converter, the DC-link
capacitor bank is equipped with an overvoltage protection circuit developed by Aros
Electronics. The circuit is intended to pull down any voltage exceeding 875V, and
can be seen on page 8 in Appendix A.

6.6 Microcontroller

To turn the converter into an intelligent, programmable battery charger, the power
stages should be controlled by some kind of microcontroller. The XMC4700-F144F2048
AA from Infineon Technologies is one such microcontroller, which has been used for
other projects at Aros Electronics. It is therefore selected as a part of this project
as well. The microcontroller is used to control the output voltage from the boost
converter stage and to trigger the precharge relay. It is also used for reading all
voltage and current measurements from the sensors in order to ensure safe and cor-
rect operation. An isolated CAN bus interface is connected to the XMC controller
for programming and data transfer. Some pins are reserved for digital PWM/PFM
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control of the boost and LLC converter stages, although discrete analog controller
ICs will be used initially. The complete pin layout of the XMC microcontroller can
be found on page 15 of the schematic in Appendix A.

6.7 Design phase results

The result of the converter design phase is a complete circuit schematic and one
manufactured and partially tested power transformer. The transformer has been
verified in terms of inductance, saturation limits and winding losses. The schematic
is drawn in OrCAD Capture and can be used to create a PCB layout using other
software in the same suite. All components chosen are at the time of writing available
at Aros Electronics so that manufacturing of a physical converter can be completed
after layouting. All parts of the complete schematics that were developed as part of
this project can be found in Appendix A, Circuit Schematic.
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Discussion

7.1 Results

Due to limited time and resources, the planned construction and verification of the
converter could not take place. From the component loss comparison done in Chapter
5 it can still be concluded that the two stage converter using a boost converter feeding
an LLC converter would be a feasible design for a battery charger at this power and
voltage level, as all losses in the individual components are within component limits.
In Chapter 6, passive components, such as the resonant capacitor, boost inductor
and transformer, are also found that can handle the voltage and current stresses in
the proposed converter. It is seen that utilising the high voltage rating of modern SiC
MOSFETs is helpful in reducing conduction losses, since the high DC-link voltage
allows a reduction of the DC-link current while maintaining output power. With
regular silicon components, maximum voltage is usually limited to 600V or less,
meaning that the reduction in losses shown in the simulations would not be possible
to realise with real components. It is also worth noting that the main source of
losses is not in the switches but in the output rectifier bridge, as seen in Section
5.5.1. Optimising the selection of diodes for this bridge would likely be one of the
easier ways to further improve efficiency. Another issue due to the time and resource
constraint is that none of the converters cooling requirements has been assessed. It is
subsequently unclear what type of cooling solution that would be needed. However,
as the active components all come in a standard TO-247 package, there are several
of the shelf heat sinks that would fit and therefore could be used as a starting point.
Regarding the size of the converter, it seems likely from the size and weight of
individual components that it could fulfil the requirement of being small enough to
be mounted on a hand cart. The magnetic components, in particular the transformer
and the boost inductor, add considerably to the total size and weight, and reducing
the size of these component would provide another major benefit to the design.

7.2 Future Work

The first step in a future continuation of the project will be to make a PCB layout
from the schematic and manufacture said PCB. This PCB will have to be thoroughly
checked at each assembly stage as more and more components are added on. If a
design fault is detected, an iterative process should be used to update the hardware
to a functioning state.
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A system for monitoring and control of the charger needs to be developed before the
charger can be used. Such a system must take into account both the pre-programmed
values for charging voltage and current as well as real time data about the state of
the charger, such as output voltage and current.

This system also needs to react to fault conditions, such as over- or undervoltage, or
an open circuit. The system with sensors and control hardware therefore needs to be
fast enough to react to such conditions before a situation becomes dangerous to the
operator, or causes damage to the battery or the charger itself. The user interface
should allow the user to set all programmable parameters before charging and to
monitor the charging sequence. An interface between the charger and the Battery
Management System (BMS) can also be developed. This would provide additional
information to the charger, such as the voltage of individual battery cells, which
could help optimise charging. This is however not necessary for safe operation of
the charger, as the BMS is always able to interrupt charging by disconnecting the
battery output.

Before it is used on a real battery, the complete charger will need be thoroughly
tested in different situations. As one of the stated applications of the charger is to
be used in Formula Student projects, it must be safe to operate by members of
teams participating in such projects. Among other regulations, the safety require-
ments given by the competitions demand that there is sufficient electrical insulation
between high voltage and low voltage systems, and that it is physically impossible
to touch high voltage terminals or other components on potential when the system
is assembled and in use. Testing of the charger must therefore be done with em-
phasis on these, and other, safety criteria to ensure safe operation. If the charger
is to be taken into operation within Formula Student, it is the moral responsibility
of the designers to ensure safe operation of the device to their best extent, both in
the design and construction of the device itself and in the development of relevant
documents such as instruction manuals.

Furthermore, the testing must also incorporate software development to ensure a
safe charging cycle, as the charger is connected to a fire hazard which is both hard
to extinguish and could possibly explode [67]. The charger should not jeopardise the
state of health of the battery that is charging and not push it towards any unsafe
working conditions. The cooling requirements should also be assessed during testing,
to ensure stable operation of the charger itself.

7.3 Future improvements to design

As for now, the switching frequency of the boost converter is rather low, set to
50kHz. With the current design, it should be able to switch faster, however this was
not investigated. The increase of said frequency could reduce the size of the inductor
in the power stage and decrease the current ripple into the DC-link. The same is
true for the LLC converter and its inductors and transformer.

112



7. Discussion

As the development of SiC components advance even further, the design presented
in the report can be improved by the use of higher operating voltages. As mentioned
in the design part, the 1700 V components that are on the market were not available
in stock. If one would use those components, one would be able to push the boost
converter further such that it can output a higher voltage. This can then be used
in different ways in the transformer, increasing the output voltage range in either
direction. More form factors of the components will also be available. The TO-247
package that all of the SiC components came with in this design takes some space
and does need to be placed with care on a PCB to achieve proper cooling. When SiC
devices become available in module packages, such as the SOT-227-4, one would be
able to make the PCB smaller and possibly easier to cool. As the charger application
for vehicles probably lays with on-board chargers in the future, the size and weight
of said charger will start to make a difference and the availability of the different
form factors will be one of the key parts in transition towards this solution.

Another step the charger needs to take before it is launched in any commercial way,
is to develop active power factor correction (APFC) control of the boost stage. With
the rectifying bridge on the input and without any PFC control, the power factor
will be relatively low and will draw unnecessary reactive power from the grid. With
a PFC control, this can be raised to 0.99 [68]. This could possibly be done by using
the XMC processor as the control IC for the boost converter rather than the LM IC
that is used now.
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Conclusion

The purpose of this project was to evaluate the feasibility of developing a high volt-
age battery charger using high powered SiC components as switches and rectifying
diodes. During the project, different topologies have been compared in order to find
the most efficient one. It is found that the two stage converter utilising a boost
converter as its primary, voltage regulating stage and an LLC resonant converter
operating at unity voltage gain is a suitable topology for the charger. Compared to
a buck converter based solution it should be able to operate with lower losses and
overall less component stress.

Running with the full output current of 20 A for voltages between 400V and 450V,
the losses in the active components are found to be between 302.4 W and 303.1 W
in the buck based converter and between 187.1 W and 195.7 W for the boost based
converter. At the maximum voltage operating point of 600 V and 15 A, the losses are
191.4 W for the buck based converter and 165.7 W for the boost based converter. It
can be seen that while the voltage stress on the components are higher in the boost
based converter, the currents flowing through the switches are significantly higher
in the buck based converter. At full output current in the buck based converter, the
RMS current through the buck MOSFET is 22.74 A and the current through each
LLC bridge MOSFET is 19.24 A. For comparison the currents through the boost
MOSFET and corresponding LLC switches are 6.11 A and 11.59 A, respectively.

The chosen topology has then been further developed into a complete circuit schematic
with real components and supporting circuitry such as controller ICs, sensors and
more. Some of the components such as the SiC active components and the controllers
have been purchased in anticipation of manufacturing a prototype of the charger.

A prototype power transformer has been manufactured and tested. This transformer
is found likely to be suitable for use in the designed LLC converter, although testing
at full power is yet to be done. The conduction losses are found to be 7.2 W, causing
the operating temperature to stabilize at 39.6 °C in a low voltage test. The saturation
limit is found to be 0.0077V s.
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A

Circuit schematic

This appendix contains the full circuit schematic of the designed battery charger.

Page 1 shows all power and signal connectors, as well as mounting holes for the large
magnetic components, i.e the transformer and power inductors.

Pages 2 to 4 contain the schematic of a low voltage power supply providing power
to all controllers, gate drivers and other low voltage circuitry. Everything on these
pages is previously developed by Aros Electronics and has not been designed as part
of this project.

Pages 5 and 6 describe the boost converter stage and its associated controller 1C
with supporting circuitry.

On page 7 is the capacitor bank complete with mounting holes for the precharge
resistors and an LED circuit indicating the presence of high voltage on the capacitor
bank. The circuit has been updated after the schematic were made, and as such the
schematic in Section 6.4 shall be used.

Page 8 contains the overvoltage protection circuit developed by Aros Electronics.
This circuit design is also not part of the project but added for safety reasons.

Pages 9 and 10 cover the LLC converter stage with controller IC and additional
components.

Page 11 shows the gate driver circuitry for both converter stages. The bootstrap
circuits used on the high-side gate drivers of the LLC converter are developed by
Aros Electronics.

Pages 12 and 13 contain the voltage and current measurement points. The non-
isolated voltage measurement devices were taken from a previous project at Aros
Electronics. The isolated measurement circuit was developed in the project.

On page 14 is an isolated CAN interface for communicating with the XMC micro-
controller. It was originally developed by Aros Electronics for a different project.



A. Circuit schematic

Page 15 contains the XMC microprocessor with all its inputs and outputs. This
processor has been used in other projects by Aros Electronics and some auxiliary
circuitry has been reused.

A.1 Schematic update list

Due to minor design changes late in the project, the circuit schematic attached in
this appendix is somewhat out of date. Below follows a list of updated subcircuits
with updated design explanations.
o Page 7, precharge diode D25 has been discarded completely, function replaced
by boost converter diode.
o Page 7, number of capacitors in DC-link have increased and number of resistors
in balancing circuit has decreased, see Figure 6.14 for updated circuit.
o Page 11, all gate drivers should be supplied from PWM__POWER_H BOOST,
not PWM_POWER_L_ BOOST.

IT



TB9

>

4Cc

BOOST_OUT+
o)

DC_LINK-

{Ac_C pl6) M>
s =

’H 1B TP24
t - O Boost_Inductor_in ~ p(6) )
2A = pE % D167_C295
2|
mwmo w (acA ple) PEOAN-
3A DC_OUT+
_M 3B N TB2
mm W 2 1
{Ac_B pl6) 1B
4A ic
Bt

BC_OUT- 169690
DC_LINK+
85

1A

1B

1

2A

2B w

2C

1969690 1969690
DC_LINK-

DC_LINK+
o

1969690 1969690
DGC_LINK- DC_LINK-
TP25 TP26
D167_C315 D167_C315
300VAC 300VAC
€328 C331
15n 15n
R569 R570
5.6R 5.6R
R568 300VAC 300VAC R571 300VAC 300VAC
56R C329 C330 56R C332 €333
15n 15n 15n 15n
DC_LINK- DC_IN+

mP_in  p(10,11) Y>———=¢  3.5mm 3.5mm

H1 H2

3.5mm 3.5mm

H3 H4

3.5mm 3.5mm
H5

He

3.5mm 3.5mm

H9 H10
~O O
3.5mm 3.5mm

H15 H16
AA v A VA

3.5mm 3.5mm

H21 H22
AA V A VA

S>Boost_Inductor_out  p(6)

3.5mm 3.5mm

H11 H12
~O O
3.5mm 3.5mm

H17 H18

O O

3.5mm 3.5mm

H23 H24
AA v A vd

H27 H28
AA v A VA

3.5mm 3.5mm

H33 H34
_A v A VA

3.5mm 3.5mm

H39 H40
O O

3.5mm 3.5mm

3.5mm 3.5mm

H29 H30
1 A v A v 1
3.5mm 3.5mm
H35 H36
1 A v A v 1
3.5mm 3.5mm

Ha1 I

O O

3.5mm 3.5mm

9DSUBFR

CANL out  p(14)

PE_CAN-

H13 H14
~O O
3.5mm 3.5mm

H19 I

O O

3.5mm 3.56mm

H25 H26
AA V A VA

35mm 35mm  p———>

H31 H32
AA v A VA

3.5mm 3.5mm

H37 H38
_A v A VA

3.5mm 3.5mm

H43 H44
O O

3.5mm 3.5mm

- Sign: Date:
.@. Aros electronics AB ¢
Aros art.no: Checked: Rev. date:
Custormer art.no; Rev
Document title:
O:mwnoq PCB-num, | Rev [Sheet
01 - Connectors 1 oof 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




DC_LINK+

f

o1 1
TESTPAD 45MIL
2 oy 1
. L
ESID  TP2 o
TESTPAD4SMIL™ [ 70,
ETD-29-16-10 @

35VDC
R1
OR

-11V_DC_LINK+_RAW

TEST VOLTAGE
2.5 kV

TP3
TESTPAD 45MIL

D2
4 2~ 1 @

+20V_DC_OUT-

i

R2
Dt LR2 |
STTH1R0BATP4 m%: R
TESTPAD 45MIL ™ | s50vDC
ETD-29-16-10 Mu H
DC_OUT-
TEST VOLTAGE
2.5 kv
TP27
TESTPAD 45MIL +27V_PE_CAN
D27
T18
7 2 1 MRe7d
Dt M L RS73
STTH1RO0BATP28 m%;wém
TESTPAD4SMIL™ | s0vDC
ETD-29-16-10 mu H
PE_CAN-
DC_IN+
D3 R3
2 1 100R AUX
TP5 +20V
STTH1R0BA D4 mU TESTPAD 45MIL
R4 2 g 1 5
180K S
1206_3 STTH1R0BA oR
TE 14 TP6
o TESTPAD 45MIL
R6 2kVDC R7 y 2 +5va4
180K —T-c3 27K BZG03-C100 b5
1206_3 n 2512 g 13 2 1 . +
- > i) — c4
ES1D 0R 270u
ETD-29-16-10 35VDC
RO d 12 .| s
180K 270U
1206_3 35VDC TP7
TESTPAD 45MIL
d 1
STTH2128/N H
R11 1206_3 ETD-29-16-10
180K PULSE TP8 L DC_LINK-
1206_3 TESTPAD 45MIL c7
——cs 2700 -8V_DC_LINK-_RAW
5u D7 mw 35VDC
102
R12 N K<< R13
180K ES1D OR
1206_3 .ﬂw Q1 sve
out "a 1, | sTHian120Ks-2 2
22R «~ 5,42V
R15 o1 1206 3
15063 comp 8 e Ic2 .
= coMP  sS comp 1 33K
VIN RTSYNG [ © pad
AUX ¥ R18 47n
veo s k8 (R} 2 — . 25VDC W
ou 5 g
. ouT  GND 100R LTV-217-8 ;M
50V 50VDC | 50V LM5021MM-2 NOPB R19 50VDC 50VDC R20 50VDC TS3431
——ce =ci0 ——cit 47K —ci2 ——ci3 300m ——c14 R21 R22
22 1u 100n 1u 10n 100p 100p 47K 1k
TZMB-30V —
DC_LINK-

PLACE CLOSE
TO LM5021

PLACE CLOSE
TO LM5021

Sign: Date:
.@. Aros electronics AB o
Aros artno: Checked: Rev. date:
Customer artno Drawing: Rev

Document title:

Charger
02 - DCDC Local Power 1

PCB-num, |Rev | Sheet
2 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




P9

5V4 +3V3  TESTPAD 1.5 MM
Q Ic4 m mw
1 4
& VNt vouT
VIN#6
3 5
16VDC NG SENSE 16VDC
——C15 2 ——C16
1u 7| GND 1u
GND_PAD
NCPB05MN33T2G
DC_LINK-
+5V4 +5V
1c6
1 4
51 VIN#T  voUT
VIN#6
3 5
16VDC NG SENSE 16VDC
——c22 2 —C23
GND
1 7] GND_PAD v
NCPB05MN50T2G
DC_LINK-
5V4 +5V_CURRENT_SENSE
1c8 +27V_PE_CAN
1 1 4 o
& VIN#t vouT
VIN#6
3
16VDC NG SENSE 16VDC
c28 2 c29
1u 7 1u
NCPB05MN50T2G
H PE_CAN-
DC_LINK-
+18V_DC_OUT-
1c10
&y vin
20V_DC_OUT.- Ict11 18V_DC_OUT. GND +4ve2_DC_OUT-
- - 1 dd_Smoh
Mty LM317MDT M- S vae vour add Sneln in P8y 0
[ wmzmm%
SD  ERROR 33
LP2951 30K
50V
——C32 50V
1u ——C33
1u
R37
10K
15K 47K
T
DC_OUT-

DC_OUT-

DC_LINK+

i |

[

-8V_DC_LINK-_RAW
o

+5V_PE_CAN
o

R23 R24
12K 680R
50VDC 50VDC_| C19 c20 c21
——ci8 ——47u —47u ——47u
10u 50VDC 50VDC | 50VDC
R25
120R
-11V_DC_LINK+_RAW -8V_DC_LINK+ -8V_DC_LINK+_RES
i I e f
3 A28
1R
DC_LINK- R28
680R
50VDC 50VDC | C26 c27
——C25 —4.7u ——47u
10u 50VDC 50VDC
R29
3308 -4V_DC_LINK-
: f
+20V 1cs +18V
LM317MDT
2 L N ouT 3
AD
A R30
270R
50VDC 50VDC
—C30 —=—ca1
10u 10u
R31 R32
15K 47K
DC_LINK-
Sign: Date:
4} Aros electronics AB
Aros art.no: Checked: Rev. date:
Customer artno Drawing: Rev
Document title: —._
rger
Cha ge PCB-num, |Rev | Sheet
03 - DCDC Local Power 2 3 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




10K

DC_LINK-

+18V

Current limit

R38
2R

avg 150 mA,

~400mA

P=41ni

Pulse 320miW/200us

©
P17 Fonsetse
P xa

=

PWM_POWER_H_BOOST

R40 current=60mA
| —
LT
1R c36 c37 25VDC_| 25VDC_| 25VDC_| 25VDC_| 25VDC | 25VDC | 25VDC
10u 10u c3g c39 c40 ca1 ca2 ca3 ca4
R41 25VDC | 25VDC | 10u 10u 10u 10u 10u 10u 10u
10K xir
< SPAD_V_PWM_POWER  p(15) DC_LINK-
R42 | 50VDC
1k ca5
100n
DC_LINK-
R43 Ic12
8 PWM_POWER_L_BOOST
2 VIN
1R c46 GND
4,71 dd Smohr PCB ent=60mA
an %.5% vour I add Smohm in current=60m
3 FB mm/mmum
SD ERROR Ras
L[P2951 15K
DC_LINK- c47 C48
= ——47u =—47u
50VDC | 50VDC
R45
1.2K
DC_LINK- DC_LINK-

- Sign: Date:
.@. Aros electronics AB o o
Aros art.no: Checked: Rev. date:
Custormer art.no; Rev
Document title:
O:mwmmq PCB-num, |Rev | Sheet
04 - PWM power 4 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




IC13

1 5ovDe T 1
R46 —=C50 w7 DC_LINK-
56K 68n sy 100n ¥ VLo
! 100VDC ” ouT w — SYBoost PWM_LM  p(11)
H i ss cs p—-2
9
56 LINK- [Rag]} RT/SYNC 5
| FB
56K 6 3 comp
Rd9 GND _ COMP ¢ DC_LINK-
8.2K [M5020MM-2
DC_LINK-
3 —voc—LA178 {Boost_OC_out p(1
C152 100R
1u
DC_LINK-
BOOST_OUT+
- 1068
WD|D|D|D|D ! 4 e
R573 R574 R575 R576 R577 % 3 K
270K 270K 270K 270K 270K 3.9K "R579 2 3
R578 L=4
”xxmwo 10K LTV-217-B
DC_LINK-
% < LM_BOOST_CONTROL
DC_LINK-

- Sign: Date:
.@. Aros electronics AB ¢
Aros art.no: Checked: Rev. date:
Custormer art.no; Rev
Document title:
O:mwmmq PCB-num, | Rev [Sheet
05 - Boost control 5 of 17

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Aros Electronics AB, Sweden 2017

2 | 1




36MT120

IC14

RL1B
DC_IN+
Q 3 4
REL732
+18V
1c37_7812
800VDC
——C154
10u
RELAY_ON
DC_LINK-

8 100n

+5V_CURRENT_SENSE

50vDC
C54 b8

FFSH40120ADN

1

2

3

|
]

ref

LTS25-NP
<Rating>

RL1A

REL732

Q20
BSS138

DC_LINK-

DC_LINK- BOOST_OUT+
3> Boost_current p(13)
. 800VDC
> Boost_ OC p(13) C55
oR 10u
Boost_Inductor_out p(1) ) ?
“>»Boost_Inductor_in  p(1) ~ DC_LINK-

G_Boost p(11) vv|_L

Q4
QPOWER N-MOSFET 213

A\ D26

MMDL6050T1
DC_LINK-

- Sign: Date:
.@. Aros electronics AB ¢
Aros art.no: Checked: Rev. date:
Custormer art.no; Rev
Document title:
O:mwmmq PCB-num, |Rev | Sheet
06 - Boost power 6 of 17

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Aros Electronics AB, Sweden 2017

2 | 1




DC_IN+

i

D25 P10 TP1
2 1
D O O
DC_LINK
SIM-ESTT t4mm - 1.4mm Jw "
P12 TP13 !
O o .| _4sovbc | 4s50vDC | 450VDC 450VDC .
14mm  1.4mm ——Cs8  —C59  —C60  ——C61 R52 RS53 RS54
470u 470u 470u 470u R51 47k 47k 47k RS5 ! Qs
TP18  TP19 47k 470K — IXTA3N150HV
0 o 2010 1
—
1.4mm 1.4mm
73 o
RS6 MMSZ15VT1G
TP20  TP21 470K
2010
O O
14mm  1.4mm
R57 R58 R59 R60
P22 TP23 47k 47k 47k 47k o
O o Yy LD
1.4mm 1.4mm N 1206KYCT
A _
MM5Z15VT1G
.| 4sovDc | 4s0vDC | 450vDC | 450VDC N
——Cé2  ——C63  ——C64  ——C65 R61 R62 R63 R64
470u 470u 470u 470u 47k 47k 47k 47k N B Yy e
MM5Z15VT1G N 1206KYCT
R65
5.6K
R66 R67 R68 R69
47k 47k 47k 47k
T
DC_LINK-

- Sign: Date:
.@. Aros electronics AB o o
Aros art.no: Checked: Rev. date:
Custormer art.no; Rev
Document title:
O:mwmmq PCB-num, | Rev [Sheet
07 - Capacitor bank vy| 7 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




DC_LINK+
o]

R71
R70 270K
™
R72
270K
R73
™
© R75 R76
1 Q6 R74 S20K460 S20K460
— IXTA3N150HV 270K
1
d hill
o
- R77
26 270K
wam DZ23C16-Y-G
R78
68R
o © R79
270K
45V
- INT_15V_TVS
. R80
wm DZ23C16-V~ ™
-
« reeTl ) INT_15V_1_TVS
e 1 m o INT_15V_TVS
10R _15V_TVS
- BSP372 Rez }
o 10R
D10 50VDC
BAS16XV2T1G C66
- R83 330n
100K
100VDC DC_LINK-
_ c67
100n
78 -
DZ23C16-Y-G Res5 1
Nm wm L 2 Q8A
™ M BCBa7BPN
R87 7 -
o
3.3K TS3702IPT 2 Qs
ZXTN2031F
3 D11
* 11 2] 3 o
+4V1_TVS 2 <
N ~ X an
BAS RS0 fw
1c158 16XV2T1G { 1 I T teweoTi2o
470R
2 )
IC16|" LM4040DIM3X-4.1 -
s
100VDC 1 NM Ro1 R92 50VDC ~ 2 FMMT722
—C68 47K 6.8K C69 5, IX asB Q1
100n 100p BC847BPN  _
3 @
1 Active @ 875V
DC_LINK-
IC15A
ska bytas till ts3702 é 8 S Dat
dual komparator » ign: ate:
s 4} Aros electronics AB
- 50VDC
c70 Aros art.no: Checked: Rev. date:
TS37021PT
100n
Custormer art.no: Rev
Document title:
DC_LINK- harger
Cha ge ) PCB-num, |Rev | Sheet
08 - Over Voltage Protection 8 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




DC_LINK-

10K
R93

DC_LINK-

DC_LINK-

ALPS912500

10K
R95

2K

RT

1c17
3 = 1
RO4 0T ek
3K RT 2y o0 .
GD1 ——
GDe m SMLLC_PWM_B p( u
SS  GND 1
oc 2 Llcoc out p(13) ~ DC_LINK-
UCC25600D
25VDC
10n 10n 10n
DC_LINK-

- Sign: Date:
.@. Aros electronics AB - “
Aros art.no: Checked: Rev. date:
Customer art.no: Rov
Document title:
O:NHQQH PCB-num, | Rev [Sheet
09 - LLC control 9 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

2 [




LLC_IN+

DC_OUT+
o N N
«
o 1 3 3
— =
P ) 1 .‘W QPOWERNMOSFET 213 fW o FRaH40120A0N FRaH40120ADN s
GLLC_High A p(11) ) 1, 11T QPOWER N-MOSFET 213 47k
o
o
E_LLC_High B  p(1,11) p———4¢
800VDC E_LLC_High A p(11) S>—— 4
—C75
o q SPLLC_Lr_Lm_P_in  p(1,11) 300VDC R100
——Ci155 47K
LLC_S_ou K—s 10u
+5V_CURRENT_SENSE
Ic18
1 5V 9 1 sovbe
o . 71 o g o LLC_S_in >
— 3] 100n
x\w Qi4 — our | 7 R102
;s 1 QPOWER N-MOSFET 213 Qts 4 47k
G_LLC_Low A p(11) > — fw —
GLLCLowB p(i1) 3 1, |17 QPOWER N-MOSFEF213 w W
° ref R104 o &
@ oR 1 3 1 3
LTS25-NP
<Rating> D14 D15
FFSH40120ADN FFSH40120ADN
1
DC_LINK- > LLC_current !
3> LLC_OC  p(13)
LLG. Ly Lm_P.out +5V_CURRENT_SENSE
1c19 50VDC
1 +5V ] 8 Cc79
V> | Vs [ Vs | <V | < | | s | Vs | Vs 2] ov (8 100n
80 =—C81 €82 ——C83 ——C84 ——C85 ——C86 ——C88 ——C89 ——C87 5[]
c c c c c c c c c c our | 7 DC_LINK-
= 11—
6 (] .
= 5> Oulput_current  p(13)
1 LTS25-NP
DC_OUT-  <Rating>
- Sign: Date:
4} Aros electronics AB
Aros art.no: Checked: Rev. date:
Custormer art.no: Rev
Document title: —._
rger
Cha ge PCB-num, |Rev | Sheet
10 - LLC power 10 of 17

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Aros Electronics AB, Sweden 2017

3 | 2




PWM_POWER_H_BOOST

Q19A
DMGE601LVT

Q 2 > 1 s ¢ s
Boost_ PWM_XMC  p(15) [ Ri7g PWM_POWER_L_BOOST D16 STTH112U 1<l
820R
1620
8
Boost PWM_LM  p(5) >>——[ R10§ 1y ANODE#1 VDD =0
820R 2 7 =14 —C100 6B ’
ANODE#2 VOUT R10§ $10 5 G_Boost ple)
3 6
R10§ CATHODE  VE L
820R 4 5 1
NC#4 vss 25VDC DC_LINK- 2
ACNU-3430-500E —C101 - MMS5Z1§VT1
o PWM_LLC_H_1 p(15) > [ Rr17d o
820R
-4V_DC_LINK- 1c21
1 8 -
LLC_PWM_UCC_A p(9,11) >—— R10g ¢ ANODE#1 VDD 25VDC
820R 2 7 —C103
F ANODE#2 VOUT e [Ri1q
R11 3y catHoDE  VE 2 7R
5208 Sy ncrs vss 2 26VDC
ACNU-3430-500E —GC104
1 1u
DC_LINK-
PWM_LLC_L 1 p(15) PWM_POWER_L_BOOST
820R
Ic22
1 8 | p17 25vDC T
LLC_PWM_UCC_A  p(9,11) )>—— R113 c ANODE#1 VDD 25VDC. S —C106 Az
L @
820R 2y ANODE#2 VOUT [ R113 \\ﬂom S G_LLC p(10) 2 10u MM5Z18VT1
L . . ,|,_3m ~ 2 R115 o
R114 CATHODE  VE - &
820R 4 5 1 — 4
NC#4 vss 25VDC DC_LINK- 10K
ACNU-3430-500E ——c107 s
1u J
DC_LINK- —
- -4V_DC_LINK- -8V_DC_LINK+_RES
nﬂ Q T2 2 HHH 4
STTH112U D18
Q198
DMEA01LVT
DMG6601LVT
PWM_POWER_H_BOOST
Q 2 1 6 47 s
Lz}
D19 STTH112U 13
Z11
PWM_LLC_H 2 p(15) > Ri74 MMSZ18VT1
PWM_LLC_L 2  p(15) [Rr173 PWM_POWER.._BOOST 820R o
820R Ic24
__Sw . LLC_PWM_UCC B p(9.11) Y| Ri2g 1y aNoDE#1 VDD k2 L 25VDC
LLC_PWM_UCC_B  p(@,11) Y»— Ri1% ANODE#1 VDD 25VDC 820R 2 7 c111 Rz
RE ANODE#2 VOUT = R12f > GLLC_High B
820R 2 7 —=3 ——c109 v
ANODE#2 VOUT R11§ T G.LLC Low B p(10) 3 6 47R
MR11d 3 6 4.7R R12 CATHODE ~ VE g B
R114 CATHODE  VE - 820R 4 5 >» E_LLC High 8
{ NC#4 vss
5208 4y Ne#a vss L 25VDC
25VDC DC_LINK- ACNU-3430-500E ——cti2
ACNU-3430-500E ——ct10 1 u
L 1u DC_LINK-
DC_LINK-
-4V_DC_LINK-

D20 25VDC T
) —Ci13 A z2
& 10u MM5Z18VT1
~ m Ri23  «
- Sign: Date:
T 4} Aros electronics AB
10K
- Aros art.no: Checked: Rev. date:
-8V_DC_LINK+_RES p— Customer art.no Rev
T 13T«
Q ! g, 2 2 Document title: 0301@01
STTH112U D21 ¢ i PCB-num, |Rev | Sheet
Q188 11 - Gate drivers " oof 17
DMG8601LVT | No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Aros Electronics AB, Sweden 2017
5 | 4 | 3 I 2 T T




Capacitor bank voltage measurement

DC_LINK+

0,00288

+3V3

[MR1701
R125 R126 R127 R129 > AD_V_DC_LINK  p(15) oi1s
270K 270K 270K 270K 270K 2.2K C114 100n
MCP6401T-H:OT| 1u MCPB401T-H/(PT 50VDC
16VDC
DC_LINK- DC_LINK-
DC_LINK-
Input DC voltage measurement
DC_IN+
0,00288 IC26B
+3V3
MR13sl IC26A
R132 R133 R134 [ R136] > AD_V_IN p(15) .8
270K 270K 270K 270K 270K 2.2K C116
MCP6401T-H:OT| 1u 2 Cc117
16VDC 100n
MCP6401T-H/QT 50VDC
DC_LINK-
DC_LINK-
DC_LINK-
Isolated output DC voltage measurement
+4V92_DC_OUT- +3V3
Ic27
VvDD1 VDD2
GND1 GND2 5
be._gut VINN VOUTP [ DC_LINK- R139 > AD_V_OUT p(15)
hﬂ|.H_|.H_|.H_|.H_|_U viNe vouTn [ 22K @Jﬂ%
R140 R141 R142 R143 R144 AMC1301 16VDC
270K 270K 270K 270K 270K MR145]
LI
2.2K
DC_LINK-

- Sign: Date:
.@. Aros electronics AB
Aros art.no: Checked: Rev. date:
Customer art.no: Draving: Rev
Document title:
O—‘_m_.mm-‘ PCB-num, | Rev [Sheet
12 - Voltage measurement 12 of 17

Aros Electronics AB, Sweden 2017

No part of this document may be reproduced in any form or by any means, without the prior writien consent of:

| 3 T 2 T




Boost_current p(6) > C_current  p(10) Output_current  p(10)
R146 R147
22K 2.2K
SAD_I_Boost  p(15) SPAD_I_LLC p(15)
50VDC 50VDC
c123 c124
470p 470p
DC_LINK- DC_LINK-
D24 D22
Boost_OC p6) > 2 ot LLc.oc p(10) 2 ot
ES1D R177 ES1D R152
c153 10K c126 10K
100n 100n
100VDC 5> BoosOC_ou  ps) 100VDC

R181 R153
2.2K 5.1K
DC_LINK- DC_LINK-

R148
2.2K

SYAD_I_OUT p(15)

50VDC
C125
470p

DC_LINK-

3> LLC_OC_out

Sign: Date:
4} Aros electronics AB
Aros art.no: Checked: Rev. date:
Customer artno Drawing: Rev
Document title:
Charger B num|Rov |Sheet
13 - Current measurement 13 of 17
No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Aros Electronics AB, Sweden 2017
4 [ E [ 2 [




D
+5V_PE_CAN
1c28
VCC CANH |5 3> CANH_out  p(1)
% GND CANL R154 R155
FE AN L5V_PE_GAN 120R 120R
2 3> CANL out  p(1) m
TIAT05TT/3/1)
PE_CAN-
+5V_PE_CAN ~3v3
o
Ics6
11 c212
VDD2 VDD , 1_\ oon
GND2#9  GND1#1 [¢5 50vbe
GND2#15 GND1#8 H
VoA viA (62 DC_LINK-
VOB VIB g
VoG VIC feg—X
VoD vID < p(15) CAN_TX
+5V_PE_CANO EN2 NG#7 [ “
Si8640BD-B-15
+5V_PE_CAN -3v3
1c67 i
voD1 vopz 8 o214
2 9 0085 8
GND1#1  GND2#9
8 75
1 GND1#8 dND2#15 o ooF_._zx.
[ a3 PE_CAN- m 5> pl15) CAN_RX
27K [12 %
I
R324
47K [10  o.av3
PE_CAN- L
Sign: Date:
4} Aros electronics AB *
Aros art.no: Checked: Rev. date:
Customer artno Drawing: Rev
Document title: —._
rger
Cha ge PCB-num, |Rev | Sheet
14 - CAN 14 of 17
No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Aros Electronics AB, Sweden 2017

4 | 3 | 2 | 1




®

35 133 BN
X334 PO.15 P3.15 #3a X sc 0.0 uaRe proqzamming/Debua
36 8IC 2. 3 ry (Slow Leprom)
X1a Po.1a P3.14 X i L LT
Mmm' wo;w P3.18 fg—X 3G 270 Tac/sprjuaer v (aer
T35 PO.12 P3.12 55X L sary
RELAY_ON MM 2| Po.11 P31 fH9X Proqranming/Dobuq
JTAG_TRST# Boost PWM_XMC  p(11) —— P0.10 P3.10 X Sair o or (Primary)
|\._. X577 P0.9 P3.9 fFg3—X SR er (Secondary)
5 P0.8 P3.8 X e
15710 2y po7 P37 it X EE
DC_LINK- PWM_LLC_H_1  p(11) P0.6 P36 fae——p SPLSCK EEPROM p(15) sz
= PWM_LLC_H_2 p(11) P0.5 P3.5 737 SPI_MOSI_EEPROM p(15) e o
) S0 o
J-TAG (Boot programming) PWM_LLC L1 p(1T) Po.4 P3.4 k435 ST 0.2 0
PWM_LLC_L 2 p(11) P0.3 P3.3 fFg—X 5524 003 o
188 +3V3 %— Po.2 P3.2 fg—X e
1 Q JTAG_TDI X~ ¥ PO.1 P31 f7—X SSi4 102
ves s 1 8 UART_TXD_00 X—=4 P0.0 P3.0 X i
5 ] W 3T 201
CNVSSINC/TMS 2 1o %D 00 2 pras paz T Zii w1 councen
fXo 10R a Xqo3Y P1.14 P46 e X i R85 e s i
GND [ s RESET# X—oa| P1.13 P45 fzp X e Aros cimers - 100us
JRESET [ 5845 T5R —JTAG_IDO X105 P1.12 P44 57X T Aros timers - tedbus
CTS/MISO/TDO 5 5 10R JTAG_TCK X0 P1.11 P4.3 55X o GRIG
CLK/SCK/TCK |5 R JTAG_TOT X3 P1.10 P42 fp5X : i
NMI/MOSI/TDI (o R15805— on —— CAN_TX  p(14) (& H{ P1g P41 o 3> SPLCS_EEPROM  p(15)
P16/INT4 R156 R = CAN_RX  p(14) Wi P1.8 P4.0 < SPI_MISO_EEPROM  p(15)
FTSH-105-01-L-DV-K 1 - e P17
DC_LINK- {R15%—55m— sovoc +3V3 UART_TXD_00 X070 P18
C129 o} UART_RXD_00 o _ﬂ.m
100p RT6 __ummm_:ﬂ Customer CAN A%_b$ E”m .
Mﬁ& P12 P5.11 fgg—X
DC_LINK- DI_AROS_BOOT_CAN o P11 P5.10 frgo—X
- Orsir = = R16— 2 pio P5.9 M WW SPI_CS_FRAM  p(15)
TESTPAD 45MIL P5.8 SPILSCK_FRAM  p(15)
| [ R163—5x wm_|RMM|mm»K nM“mW VA P2.15 P57 ww DO_DEBUG_ 2 (QTP15 TESTPAD 45MIL
DC_LINK- MO P 63y poia N DODEBUG1 _ ~TR16 TESTPAD 45MIL
*—a | P2.12 psa 90X
X—g= ¥ P2.11 P5.3 fgr—X
43v3 1630 Parameter storage Wv P210 Josps mw
Q@ 6 4 X—5g¥ P29 P5.1 fgz—X
VCC CLK b3 SPI_SCK_EEPROM  p(15) ORI R oo kB
50vDC__ 2 DI [t Ps) X5 P27
130 VsS DO |5 Pli3) JTAG_TDO g5 P26 o
100n | cs| < p(15) X—7g P25 Digital P6.6 [gg X
93LCBBAT-E/OT R163 DI_AROS_BOOT_UART X9 P2.4 P6.5 fg7—X
DC_LINK- 8bit operation 10K Ospr7 X P23 P6.4 [Fg5—X
TESTPAD 45MIL X730 P22 P6.3 fgg—X
X7 P21 P62 (g X
+3V3  LED3 _ DC_LINK- P2.0 P6.1 o7 X
DC_LINK- Q 1 2 — DO_LED_CPU P6.0 X
| S—
K 166 T.uw P15.15 P14.15 ?[XW
KPHHS-1005MGCK 1k X a9 P15.14 P14.14 33X
X—go ¥ P15.13 P1413 fraa—X
X P15.12 Pi4.12 X
53 51
3v3 3v3 AD_V_IN p(12) P15.9 P14.9 f2s——>> LM_BOOST_CONTROL
’ ’ Debug storage AD_V_DC_UNK_ p(12) 53y piss P1a8 fae—x »
AD_V_OUT  p(12) P15.7 P14.7 35X
Ri67 []50vDC 1c3t *—224 P56 snatos P146 oo
10K C131 AD_|_Boost p(13) 55 P155 P145 bgg—X
100n VDD AD_ILLLC — p(13) 55 P15.4 P14.4 f3g—X
vss AD__OUT  p(13 50 P15.3 P14.3 fag—X
SrlLsoKERAl w1 DELINE 2 scx e e DR povpwwiromen pio
= - P sl SO SPI_MISO_FRAM p(15) 3 _V_f |
SPI_CS_FRAM p(15) cs +3V3 P14.0 =X
48 46 AD_REF
WP VDDA VAREF
o ot row 5 PR
16VDC
FM25L512 T 1u » VSSA VAGND 2 c133
1u
DC_LINK- +3V% o7 HIBIO_1 RTC_XTAL2 X t(reset) >= 50ms
24| HB IO 0 yipernace/ric 22 DC_LINK-
22 paT RTC_XTALT ==X = (a2 L3V
X&) uss_DP uss VDD
X—5¥ USB_DM RESET
VBUS GND
sovDe |
|92 JTAG VS —
+3V3 cioa” ™S VCPI03T3T5ET  DC_LINK-
+3v3 1000 voopeis xTAL2 28 R769
R170 . 98| VDDP#62 Suppl
4 w DC_LINK: 55 VbDPHes upply XTALT kEL 1k
VDDP#126 X1
4,0mA @ 105°C 63V | 63V Iﬁ_?wmﬁ_?ohm 16vD¥| 16vDE| 16vDT| 16VDE| sovo¥| sovof| sovot| 5ovoE| sovol| sovDf| sovot| S0VDC 89 4
AD_REF 136 —C136=—C137——C 13— —C139% — C139B —C139C—C1380,—C140%—C140B—C1405,—C1400—C141A—C14B—C14IC=C141D__ 19,/ <wmmm 85 X3 1
= 10u 10u 1u 1u 100n 100n 100 101 101 101 1 61
. _ N o N 100n| 100 (| 100 1 10n o1 qon | 0 10 of 10, In S5 VDDC#61 caz P c43
1C33|” LM4040CEM3-3.0 1557 VDDC#90 ™ T LS
VDDC#125 EXP.PAD(VSS) sovnc 12MHz s
1 DC_LINK- +1v8 XMC4700F144K2048AAXQMAT Um\\l_n_ZX
DC_LINK- DC_LINK-
63v | 63v | 1evDc| 1evDB| 1evOl| 16vDR| 16vDE| 16vDl| sovol| sovO€| s0vDY| %«.8 s0vD¥| s0vD€| 50VDT| %,mww - -
C144——C 145 —C146——C147——C148A—C146B7—C148C,—C 1485, —C 1408 —C149B—C14 C1504—=C1508=C15 Sign: Date:
1u | f0u | fu tu [ 1000, 1o0ne| 100n0] 100me] 100 | fon o] 100 o 1on [ tn [t [ tn ] 1n Aros electronics AB
5E LNk u% K Aros art.no: Checked: Rev. date:
TCK=0, TMS=0: ASC BSL Customer arno Drawing: Rev
TCK=0, TMS=1: N 1 sW ti Document title:
TCK=1, TMS=0: canmsnen OTNWQOH
TCK=1, TMS=1: BMI 15-CPU PCB-num, | Rev [Sheet
- 15 of 17
TRST#: Internally pull down " "
Internally pull down No part of this document may be reproduced in any form or by any means, without the prior writien consent of:
Internally pull up Aros Electronics AB, Sweden 2017

5

2




	List of Figures
	List of Tables
	Introduction
	Background
	Aim
	Limitations
	Problem Specification

	Methodology and Design Specifications
	Overview
	Design specifications
	Output voltage range
	Output current and power


	Power Converters Theory
	Basic battery charger layout
	Hard switching DC/DC converter types
	Buck Converter (Step-down)
	Boost Converter (Step-up)
	SEPIC

	Resonant Converters
	The LLC DC/DC converter topology
	Component stress in the LLC converter
	Zero voltage switching for the LLC converter

	3-phase diode bridge rectification
	Loss equations
	Switching losses
	Ferrite core losses
	Conduction losses


	Initial Topology Selection
	Two-stage converters
	SEPIC power stage
	Buck power stage
	Boost power stage
	SiC component selection
	LLC converter design
	Voltage and current stress


	Simulations & Final Topology Selection
	Buck simulations
	Simulation results
	Active component losses in buck converter

	Boost simulations
	Simulations
	Buck and Boost inductor
	Active component losses in boost converter

	LLC simulations
	LLC converter simulation results
	Active component losses in LLC converter

	Final power stage selection
	Active component loss summary
	Selection


	Converter Design
	Input rectifier
	Boost converter design
	Boost inductor
	Power MOSFET
	Gate driver
	Power diode
	Control circuit

	LLC converter design
	Resonant capacitor
	Resonant inductors
	Transformer
	Transformer testing
	Controller

	DC-link design
	Size and placement
	Balancing and discharge
	Pre-charge

	Auxiliary circuit design
	Voltage sensing
	Current sensing
	Overvoltage protection

	Microcontroller
	Design phase results

	Discussion
	Results
	Future Work
	Future improvements to design

	Conclusion
	References
	Circuit schematic
	Schematic update list


