Bachelor’s Thesis in Electrical Engineering
Department of Electrical Engineering, Linkoping University, 2020

Modular Multilevel Converters for
heavy trucks

William Moberg

II LINKOPING
® UNIVERSITY



Master of Science Thesis in Electrical Engineering

Modular Multilevel Converters for heavy trucks
William Moberg

LiTH-1SY-EX--ET--20/0498--SE

Supervisors:
Tomas Uno Jonsson
ISY, Linképing University

Examiner:
Tomas Uno Jonsson
ISY, Linkdping University

Division of Integrated Circuits and Systems
Department of Electrical Engineering
Linképing University
SE-581 83 Linképing, Sweden

Copyright 2020 William Moberg



Abstract

This thesis examines alternative to power supply for a heavy truck application based on five
different modular multilevel converter configurations that ultimately feed a 3-phase motor.
Advantages and disadvantages of the different configurations are being discussed as well as
other important factors that play a role in what configuration that is beneficial for the intended
application. How half- or full-bridge submodules and battery cells relate to each other to
achieve a desired voltage are being explained and calculated. Power losses of the converter
submodules are being calculated as well as how a specific battery capacity, with increasing
average power consumption, performs uphill according to set requirements. It turns out the be
the double-armed modular multilevel converter configurations that has the best performance
when it comes to utility, energy storage and the lowest power losses.
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Nomenclature

The nomenclature of the thesis will be listed below. The abbreviations will be listed first,
followed by its meaning.

Abbreviation Meaning

MMC Modular Multilevel Converter
VSC Voltage Source Converter
BESS SB;;(:zfrigs Energy Storage
BMS Battery Management System
SoH State of Health

HVDC High Voltage Direct Current
STATCOM Static Compensator

IGBT %Zf;ﬁgfate Bipolar

SM Submodule

BC Battery Cell

DoD Depth of Discharge

HBSM Half-Bridge Submodule
FBSM Full-Bridge Submodule
DS-HB Double-Star Half-Bridge
DS-FB Double-Star Full-Bridge
SS-HB Single-Star Half-Bridge
SS-FB Single-Star Full-Bridge
SD-FB Single-Delta Full-Bridge
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1 Introduction

With today's growing awareness of the global environment and establishment of new laws and
goals set by organizations such as the European Union and countries’ governments worldwide,
industries and vehicle manufacturers need to present innovative solutions to meet these goals
for a better climate. Many vehicles manufacturers’ answer to these goals are electro mobility
or more commonly used: E-mobility. E-mobility is a term for the development or usage of an
electric-powered drivetrains, with aim of shifting focus from vehicles that utilise fossil fuel [1].
In this thesis, a study and system design of a modular multilevel converter (MMC) with
integrated battery modules is proposed.

1.1 Motivation

The reason why this topic is of interest to evaluate is the great possibility to modularize the
MMC and that there are many alternatives on how to configure this topology. An MMC
configuration also allows for opportunities to control the charge and discharge of the battery
cells in perhaps a more efficient way than similar solutions.

1.2 Purpose

Several papers have been done in the area of this thesis, but none have yet designed a system
which consists of an MMC topology with integrated battery modules as a dc source instead of
a capacitor as in a traditional MMC configuration. The purpose of this thesis is therefore to
compare different MMC configurations to find the most appropriate solution, when it comes
to performance and costs, and lastly simulate this system design.

1.3 Delimitations

Since the time of this thesis is limited the focus will be on what MMC configuration and system
design is the most suitable for a heavy truck application and a small amount of time will be
spent on the battery modules themselves. There will be no study on how a battery management
system (BMS), should be configured. Also, this thesis will only mention the possibility to
charge the battery cells for a heavy truck with an external power supply whilst driving, but not
go any further within the subject.

1.4 Research questions

The future of E-mobility with long lasting and healthy batteries is possibly a system based on
an MMC with integrated battery modules. MMC modules can be configured in many various
ways to achieve different characteristics. The MMC modules configurations that are of main
interest are: half- and full bridge, furthermore these converters are possible to connect as a star
connection, double-star connection and delta connection. The research questions are as
follows:

o Which MMC module configuration gives the best performance at affordable cost?
e How should the battery modules be designed to achieve the most advantageous system
design for a heavy truck application?

1.5 Related work

The high-power MMC topology was invented in year 2001 [2] and has ever since been popular
and plenty of related conference papers, journal articles and research has been made on the
subject. The MMC has been used in various areas such as HVDC transmissions [3] and
STATCOMs [4] with great success. There have been studies on MMC topologies with capacitors



as voltage source as well as integrated battery modules instead of capacitors. In cases where
batteries are involved as a storage unit is it often spoken of battery energy storage systems
(BESS) which is also a common configuration for MMC topologies. A crucial part of a BESS is
the charge level of each battery, this is handled by a battery management system (BMS). The
function that a BMS fills is that it charges the battery cells evenly, for increased state of health
(SoH) of the battery cells.
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2 Theory

This chapter will explain crucial parts of the thesis as well as theoretical information on
methodologies that were used later.

2.1 Voltage Source Converter

It will be described below why the Voltage Source Converter (VSC) solution for a heavy truck
application may not be beneficial and why an MMC topology should be considered.

Nowadays a commonly used converter topology for automotive drive system applications is
the two-level VSC. However, the VSC does not come without drawbacks. Firstly, power losses
that depends on high switching frequency, higher than around 1 kHz, typically of insulated gate
bipolar transistors (IGBTs), these minor losses occur on the ac side owing to significant
harmonic components, although, the power losses in the IGTBs are more significant and it is
only the power losses of the transistors that will be calculated in this thesis. Secondly, the
semiconductors that are used in VSCs for blocking voltages can only handle a couple of
kilovolts. Therefore, in high-voltage applications, such as in HVDC systems, to acquire desired
behaviour and requirements a series connection of semiconductors must be utilised. Although
this is not crucial for a heavy truck application but more applicable for HVDC systems. Lastly,
as mentioned above, the switching frequency must be high since the phase voltage is constantly
switched between the dc rails of a two-level converter. Large direct voltages could lead to
damages on the insulation of any equipment connected to the ac terminal. These disadvantages
are significantly improved with topologies of modular multilevel converters [5] since the
voltage of every submodule (SM) is smaller which decreases the stress on the transistors as
well as decreasing the power losses.

H [ E
| .
H H E

Figure 1 A 2-level 3-phase inverter as a reference design.
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2.2 The modular multilevel converter

As seen in Figure 2 each phase leg consists of series connected converter modules which creates
a phase arm. These phase arms are connected between the ac terminal and the dc terminal.
The benefits of the MMC technology is its ability to convert a nearly ideal sinusoidal shape
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waveform on the ac-side, which eliminates the need of low order filter for harmonics [5]. What
is worth to mention is that there will be no dc terminal in this thesis and furthermore, the
capacitors of each SM will be replaced by battery cells (BC). The BCs in strings of each SM
connected in series will be solely be connected to the ac terminal, as seen in Figure 2.

Phase Phase Submodule
Leg Arm String

Al
I/‘ll(l

- -
DC
Terminal

4

l Vla

]’+

AC Terminal

Figure 2 An example of a star-connected three-phase MMC topology with half-bridge SMs. [5]

The MMC phase arms can be connected in multiple different ways and a part of this thesis is
to study and evaluate these connections to determine which configuration achieves the
requirements at an affordable cost.

2.3 MOSFETs: structure and functionality

As recently mentioned, there are various ways to configure an MMC module, this depends
mostly on what application that is considered. To begin with, the basic setup of the half-bridge
submodule (HBSM) and full-bridge submodule (FBSM) will be presented.

12
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Figure 3 The two SM topologies that are studied, (a) half-bridge and (b) full-bridge, with respective voltages of
one cycle. [5]

As seen in Figure 2 the HBSM can only provide a unipolar voltage which makes the only
suitable configuration for this SM is the double-star connection.

The different voltages and currents of the double-armed MMC topology is presented in [5], and
are defined in the equations below.

Equation 1

Where V. is the ac output voltage contribution for one leg of the MMC. The voltage V,,, is
defined as the voltage over the upper arm for one phase. Same yields for V,, which represents
the voltage of the lower arm.

Vac =Vig + Vua
Equation 2

The dc voltage V. is the sum of the upper and lower arm voltages if the voltage-drop across
the arm inductance is zero. V;, and V;,, both contains an ac- and a dc-component.

The output voltage of the HBSM and FBSM is either equal to the capacitor voltage, or in this
case the nominal voltage of the BC, or zero, depending on the switching states of the IGTBs.
Since the components of a FBSM is doubled compared to a HBSM, the power losses and the
costs for a FBSM based MMC is significantly higher than a HBSM based MMC. [7]

The FBSM can furthermore be cascaded to increase the voltage levels of operation where a
string of N numbers of SMs can provide voltages between —NV, and +NV, which gives the total
of 2N + 1 levels. For the HBSM the voltages levels will be half of the FBSM because of the
unipolar voltage attribute and the HBSM will therefore provide a voltage between 0 and +NV,.
(5]

Generally, the HBSM is cheaper and has the lowest losses because of less components.
Although, the HBSM is the most used topology in HVDC applications [5]. The main drawback
of a HBSM is the occurrence of a fault. A FBSM can provide a counter voltage to prevent short-
circuit currents flowing from the ac-side to the fault on the dc-side. In comparison the FBSM
converter is twice as expensive and increases the losses by about 80 % [5] compared to the
HBSM.
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2.4 MMC topology configurations

For the double-star configuration there is 6 arms with equal amount of SMs divided over all
arms. One set of an upper and a lower arm form a phase leg including an arm inductor for the
purpose of limiting the short-circuit current through the leg.

FBSMs will give double output voltage magnitude for the same module capacitor voltage or
battery voltage. This means that for a half-bridge configuration the battery modules must
consist of double number of cascaded connected battery modules than a full-bridge
configuration to reach the same output voltage magnitude.

When it comes to a desire to match a specific voltage at the ac terminals of the SMs, [5] states
that a star connected configuration is more beneficial were using the least number of SMs is of
interest. The use of half-bridges makes it difficult to handle dc-side faults, that is one benefit
of using full-bridges. With a full-bridge configuration the voltage is bipolar, this is
advantageous since it enables the converter to control the current of both ac- and dc-side even
in the case of a short-circuit of the stiff dc-side. Although this seems problematic this is mostly
applicable, and needs to be considered, in HVDC applications. For this thesis application a
fault will most likely occur on the ac-side of the modules and can therefore be handled since
the MOSFETs can be turned off and prevent fault currents to enter the battery modules.

Furthermore, a difference between the HBSM and FBSM is in terms of the sum of the capacitor
voltage, V&, in each arm. V* is the sum of the capacitor voltage of the SMs, however in place
of these capacitors’ batteries will be added as a voltage source. [5]

One major drawback that [5] states is that in a delta connected topology when the energy-
storage elements are distributed in the converter phases, exposes them in different power
pulsations, imposed by the existence of negative-sequence currents. If not treated this effect
will result in a permanent divergence of the energy stored in the different branches, which
leads to that a phase leg may be overcharged, whilst another may end up with a zero-voltage
capability. To deal with this effect a zero-sequence current needs to be controlled inside the
delta configuration, with a suitable amplitude and phase to redistribute the charge among the
capacitors/batteries in different phase legs to restore the balance. This is solved with a BMS.

A difference between a star- and a delta-connection is how the voltage and current are defined.
For a star-connection the voltage over a leg of an MMC is equal to the phase voltage and the
current that flows out of one leg is the line current. When calculating the active power, the line-
line voltage and line current is used. When measuring the voltage of a star-connection the line-
line voltage is obtained, therefore the voltage is needed to be divided by the square root of 3.
When it comes to a delta-connection the voltage that is measured over a leg is the line-line
voltage but, in this case, the current through one leg is the phase current, which is thereby
divided by the square root of 3 to obtain the line current, hence the active power for both star-
and delta-connections are equivalent. [8]

P3—phase = \/3 *Up -1, - cosg
Equation 3

There are 5 different topologies that were to be calculated. This topology has in total six arms
whereof three upper arms create the positive voltage and the three lower arms create the
negative voltage of the 3-phase supply to the motor. The upper or the lower set of arms needs
to be capable of supplying the motor with the rated voltage for each configuration. In other
words, the sum of the voltage of one arm must be equal to the line-line rms voltage Uy. The
current I; the flows through each arm is equally divided between all upper and lower arms,

14



this current sums up to the ac-current to the motor /;. This means that the current I; in each
arm will be lower for six arm configurations compared to three arm configurations.

15



2.4.1 Double-star configuration

The double-star configuration can be configured with either half- or full-bridges. In Figure 3 a
configuration which consist of full-bridges, connected to a 3-phase motor, is shown. Two SMs
are connected in series together with a string of three BCs, this ratio is for illustration purposes
only since the voltage supply that this setup would result in would be too low for the intended
application.

T

| | é
§ §

Figure 4 Double-star full-bridge configuration.

The MMC topology is highly customizable and may be configured in various ways for different
behaviour. It is possible to add BCs in series for increased voltage per SM as well as connect
BCs in parallel for increased battery capacity. It is as also possible to add more SMs in every
arm for increased voltage.

2.4.2 Single-star configuration

The same circumstances yield for Figure 4, the ratio between SMs and BCs are too low for the
application of this thesis. The single-star configuration may consist of either half- or full-
bridges.

T TN el T

Figure 5 Single-star full-bridge.
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2.4.3 Single-delta full-bridge configuration

Only full-bridges were intended to be used for the single-delta configuration. The configuration
can be seen in Figure 5 and as previously mentioned for Figure 3 and Figure 4 the ratios
between SMs and BCs are not reasonable.
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Figure 6 Single-delta full-bridge.
2.5 Lithium-ion batteries

The most widely used battery type for mobile units’ applications is the lithium-ion battery. The
lithium-ion battery has a high energy per mass ratio and provides high power and good
efficiency. The batteries are often used with a dept-of-discharge (DoD) percentage to ensure
good battery health, the employer required a 65 % DoD. The DoD limits the withdrawal of
energy from the battery to keep the stored energy within certain levels. The nominal voltage
(U,y) of the battery cells of this thesis were 4.2 V.

Where the W is the stored energy of the batteries, U,y is the nominal voltage of one battery
cell, DoD is the depth-of-discharge which is the percentage of the battery capacity that may be
discharged i.e. the useful energy of the battery.

2.6 Ampere hours

The ampere hours of the batteries are determined by their characteristics and which materials
the batteries are made up of. However, this factor may be altered by placing battery cells in
parallel strings in each SM, this solution may be considered for system designs with few battery
cells in each SM.

2.7 Heavy truck application specifications

The thesis aims to work towards certain specifications that were requested of the employer.
The MMC system design is intended to supply a 3-phase motor for a heavy truck with a total
weight of approximately 40 tons. The average power consumption for this application is
estimated to be 100 kW on average when driving without incline. A request of an increase of
100 kW per percent of incline in power supply when driving uphill, this criterion will be
explained further in section 3.3.
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These calculations were made to see how the power consumption change with increasing slope
incline. As seen in Figure 6 to the left, the required power of the MMC is increasing linearly.

This behaviour was expected and wanted by the employer. The result was based jon Equation [ Kommenterad [WM2]: Uppdatera plotten.

Max power as a function of the slope incline " Operational hours at corresponding power with slope incline in consideration
- 1600 -

Required power (kW)
Required power (kW)
3
T

0 5 10 15 0 1 2 3 B 5 6 7
Slope incline (% Hours of operation (h)

Figure 7 (Left) The required power output of the MMC considering slope incline. (Right) The resulting hours of operation
with the battery capacity of 1000 kWh considering the slope incline.

To the right in Figure 6 is the hours of operation with increasing slope incline with the battery
capacity of 1000 kWh. It is worth to mention that the DoD of 65 % of the total battery capacity
has been considered, i.e. only 650 kWh.

A battery capacity of 1000 kWh is requested to be the total stored energy of the battery cells.
This value is linked to an driving law established in the EU where one driving session is limited
to 4.5 hours at the time [9].

The employer has fully developed technology in electronic highways and therefore wants the
MMC configurations along with the BCs to be compatible with the these. The proposed
solutions of the thesis should be able to charge the BCs at the same time as driving. This
criterion is also followed by the requirement of the system to support a high current for
situations that requires a rapid increase in speed and being able to charge the BCs quickly.
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3 Method

This chapter will contain strategies and methodologies to achieve the following results as well
as how the work was performed.

3.1 Software

The software that was used to accomplish the results was MATLAB. The computations were
easy to implement in MATLAB which is the cause for the selection of the computation tool.
Other software that could have performed the same results is, for example, Microsoft Excel.

3.2 Methods for calculating the ratio between SMs and
battery cells

The calculations were based on multiple data based on values that were required of the

employer. This data was mostly based on for how long a heavy truck must be supported by the

electrical drivetrain, what ac-voltage that was needed for the induction motor to work properly,

furthermore the MMC along with the battery pack was needed to perform a large current at a

limited amount of time for critical situations were a large power output is needed.

The calculations started off from a 2-level 3-phase inverter system design with a desired dc-
side voltage, U;, of 800 V with one large battery pack with battery cells (BCs) in series and
parallel to achieve 800 V.

This 800 V value of U,, obtained from a typical vehicle application that was needed to supply
the motor. This value was used to examine what ac-voltage and ac-current this would result in
since the average power is the same for both the ac- and dc-side.
\/§ Mg Uy
UH =
Vv2-2
Equation 4

Where the 3-phase line-line ac-voltage Uy, is the rms value of the voltage supplying the motor.
A factor of /3, since it is a 3-phase system, is multiplied with the modulation index, m, which
is set to 1, as well as the dc-voltage, U;. The denominator of Fel! Hittar inte referenskilla.
represents the fact that half of the voltage is distributed over each leg of the 2-level VSC and

the factor of \/5 for rms value of the ac-voltage Uy.

With the ac-voltage and the required average 3-phase power of 100 kW the ac-current can be
calculated with the following formula.

If avg

I =——
V3 Uy - cose

[Equation 5|

The average power requirement is an estimation of what active power the 3-phase motor may
need for a loaded heavy truck application which is mention in section 2.7. A unity power factor
was considered in this thesis although, there will be some reactive power consumption of the
motor.

As previously mentioned, there are some differences between the star- and delta-connections
when it comes to the ac-voltage and ac-current. The line-line ac-voltage of a star-connection,
Uyy, is the ac-voltage, Uy, divided by /3 whereas the ac-voltage of a delta connection, Uy, is
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the same as Uy define in Fel! Hittar inte referenskilla.. The ac-currents for the star- and
delta-connections are calculated with the following formula.

If avg

=9
Lx = 3. Uy - cosg

Equation 6

The only difference in Equation 6 for star- or delta-connection is the voltage that is used in
the denominator. Uy, and I,,, with emphasis on the x, is used for both star- and delta-
connections in these equations since the calculations are the same, with only the ac-voltage
or ac-current as the changing factor in this and in future equations.

With values of the required ac-voltage and ac-current the ratio between the number of SMs in
relation to the number of BCs can be calculated. This can be done by representing number of
battery cells per SM in series as a vector of integers from 1 to 20, more than 20 battery cells are
not considered practical. To calculate the number of SMs per arm that are needed to achieve
required voltage, several different factors need to be taken into account such as the nominal
voltage of the battery, modulation index and what MOSFET typology that is used i.e. a half-
bridge or a full-bridge typology.

_ V2 Unx
Mg Uen * Neeuss

NSMS -

Equation 7

Equation 7 is the formula used to calculate the number of SMs needed for a full-bridge
configuration. Below, in Equation 8 is the same calculation but for a half-bridge configuration
which is represented by half of the nominal voltage, U,y .
V2-U,
News = THX
Mg - % " Neeus

Equation 8

Since there are 20 cases of different ratios between SMs and number of battery cells the
resulting variable Ng,, is a 1 by 20 matrix containing the number of SMs used for a specific
number of battery cells in series to achieve desired voltage for one SM.

3.3 Battery capacity

Another requirement of the employer was the performance on incline slopes. It was desired
that the average output power of the MMC scales with every percent of incline. The slope is in
percent where each percentage unit corresponds to 1 cm rise per meter. 1 cm rise translates to
0.57 degrees of incline.

PSlope = Payg + PSlope - Incline(%)
Equation 9

The power consumption for increasing slope incline is calculated with Equation 9. P, is the
same average power as previously mentioned. The Pg;,p, is an increment of 100 kW for every
integer of slope incline.

The ampere hours of the MMC configurations are different depending on if the configuration
is single or double and if HBSMs or FBSMs are used.
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Cy =
Uen * DOD * Ngrms * Nsys * Neeus

Equation 10

The stored energy is defined by Equation 10, where Wis the total energy demand by the vehicle,
U.y, is the nominal voltage of one battery cell, DoD is the depth-of-discharge which is the
percentage of the battery capacity that may be discharged i.e. the useful energy of the battery,
Ngus is the number of SMs of one leg and N, is the number of cascaded batteries for one
SMs. The resulting C are the ampere hours of the different configurations.

3.4 Power losses

The employer had a requirement of a maximum value of the power losses of 1 % for the MMC
configurations, which is the reason for the investigation of the different configurations.

Power losses occur in the resistances of the MOSFETs and are calculated with the following
formula.

—J2 . . . .
Ploss - va RDS(on) Narms NSMs Ncells
Equation 11

As previously mentioned, the ac-current is different depending on if a star- or a delta-
connection is used. In Equation 11, Rpg(on) is the drain-source resistance of the MOSFETS. For
FBSMs the value of Rpg(,n) is doubled since the current flows through two different MOSFETs
which means that the power losses for FBSMs are twice as large compared to HBSMs. But since
the FBSM only requires half of the SMs because of bipolar voltage, the power losses between
the HBSM and FBSM are equal.

Furthermore, the differences between a DS-HB, DS-FB, SS-HB, SS-FB and a SD-FB are that
the DS-HB and DS-FB has double the number of arms of SMs and therefore twice as many
battery cells and SMs, although the current I, is halved because it is divided into twice as many
arms.
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4 Results

This chapter will present the results of the investigated MMC configurations given above as
well as answering the research questions.

4.1 Calculations of SMs and battery cells for different
configurations

The results from the different configurations are shown in Figure 3 and Figure 4. These results
are mainly based on Fel! Hittar inte referenskilla. and Equation 7 where the ac-voltage
needed to supply the motor is based on a dc-voltage of 800 V and then calculated with Fel!
Hittar inte referenskiilla. to receive the corresponding ac-voltage for either a star- or a
delta-connection. A phase-phase ac-voltage of approximately 490 V;.s was calculated for the
motor supply, this was the voltage that the SMs together with the battery cells needed to

SMs as a function of battery cells per arm for all topologies

\ Single-star hatl-bridge
Single-delta full-bridge

Number of battery cells per SM

Figure 8 SMs and battery cells needed per arm.
perform.

The y-axis represents the number of SMs, depending on topology, that is needed together with
the number of BCs in series, on the x-axis, to achieve the ac-voltage that were calculated with
Fel! Hittar inte referenskilla..
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SMs as a function of battery cells for all topologies

Single-star fult
Single-star hall-brdge
= = = * Single-delta ful-bridge

800

600

20 40 60 80 100

Total number of battery cells

Figure 9 Graph of the total number of SMs and battery cells needed for all configurations.

For clarification and for a fairer comparison Figure 8 shows the results of the calculations, for
the ratios between submodules and battery cells, per arm. If it is only of interest to use as few
components as possible for the final system design, the obvious choice of topology is either of
the single-star or single-delta configurations.

Further, the double-star half-bridge seems to require a much larger number of components
compared with the rest of the configurations, but when it comes to the performance of ampere
hours this configuration will have an advantage.
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4.2 Battery cell capacity for all configurations

Calculations were made to investigate how the ampere hours differed for each configuration.
The results are shown in Figure 9. The bars represent the required amount of stored energy of
the different topologies. The results were calculated with Equation 8.

Required ampere hours for all topologies

I Oouble-star half-bridge

1282 I Oouble-star full-bridge
[ Single-star full-bridge

[ Single-star half-bridge

[ Single-delta full-bridge

DS-HB DS-FB SS-FB SS-HB SD-FB
All topologies

Figure 10 Required ampere hours for all configurations. The numbers above the bars represents the amount of ampere hours.

The low requirement of ampere hours for the DS-HB is because of its number of arms and the
fact that half-bridges are used. The unipolar property of the half-bridge contributes to the low
result of required ampere hours because the DS-HB consist of more battery cells in series, as
previously discussed in section 2.2. The DS-FB and SS-HB configurations requires the same
amount of ampere hours although their topologies are different. This is explained by the
number of arms and if the configurations consist of half- or full-bridges.

The SS-FB configuration requires a lot of ampere hours compared to the other configurations.
The fact that the star-connections require a larger amount of stored energy is because the ac-
voltage Uy, is smaller than the voltage Uyq, which leads to a larger ac-current, I, according

to Equation 6.
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4.4 Results of the power losses

As previously mentioned, the power losses mainly depend on the Rpg(,,) of the MOSFETSs that
are used. For system designs with fewer battery cells per SM, the drain-source breakdown
voltage, (V4,), attribute of a MOSFET may be decreased since the V;; will be lower compared
to a system design with a larger number of battery cells. Since the focus of the calculations were
mainly the power losses, the MOSFETs were chosen by the lowest Rpg(on) that could handle
said transients. The MOSFETs that were used in this thesis is shown in Table 1.

Table 1 List of studied MOSFETS.

Manufacturer Rps(on) Vs

Infineon 1.5 mQ 60V
Infineon 1.2 mQ 8oV
Infineon 1.5 mQ 100V

The results in Figure 11shows how the power losses vary, depending on variables mentioned in
Equation 11. Hence the increasing of the voltage V¢ different MOSFETs listed in Table 1 were
used for the calculations to obtain the most truthful result of the power losses.

Power losses for all topologies

4 6 8 10 " 16 18
Number of battery cells per submodule

Figure 11 The results of the power losses for specific MOSFETs with different value of Rps(on)-

The differences between the studied MOSFETs were what voltage rating the MOSFETs had.
The voltage ratings of the MOSFETs was selected to manage twice of the rated voltage to
withstand eventual transients in the circuit.
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5 Discussion

This chapter contains discussions of the results and the methodology of the thesis. Since this
thesis is solely theoretical there will be no discussion of tests that went wrong or complications
along the way since most of the faults that occurred were bugs in the MATLAB scripts or
misconceptions of the theory.

5.1 Method

As mentioned in the beginning of section 3.2, the groundwork of the thesis was the system
design where an MMC configuration was connected to one large battery bank. Since the voltage
and current, of the different MMC configurations, were defined in different ways, it was logical
to use this is a starting point for the different configurations to have the same starting
conditions.

5.2 Results

The obtained results agree with what was theoretically expected from the theory in section 2.
Although, some results did surprise, and some configurations did perform more poorly or
different than expected. The difference in needed components for half- and full-bridges agrees
what was mentioned in the theory section.

5.2.1 Performance comparison of the configurations

When examining the ratios of the different configurations for one arm specifically, differences
in the results are not that great. But when the single- and double-arm configurations are
considered, it is easier to distinguish advantages and disadvantages. It may seem like the
double-star configurations require the greatest number of components but when compared to
the other results that is, storage capacity requirement and power losses, the double-arm
topologies are the configurations that has the most attractive performance and lowest power
losses. The results of the required ampere hours were rational although, the result of the SS-
FB configuration marked with a yellow colour in Figure 5, was surprisingly high compared to
the other configurations.

5.2.2 Slope incline calculations

These calculations were based on a specific already decided battery capacity and thus have not
a direct connection to the examined MMC configurations. Although, the result gives a measure
of what can be expected with the determined size of the battery capacity.
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6 Conclusions

The conclusion is that the double-arm configurations are the most beneficial system design for
a heavy truck application. The double-arm configurations can provide both a reasonable ratio
between submodules and battery cells as well as performing well on the power loss
calculations. As mentioned in section 2.7, a request of being able to charge the battery cells at
the same time as driving, the double-arm configurations are the easiest applicable methods to
achieve this request.

The most effective way of distributing the battery cells is up to what application that the MMC
topology is being used in. It also depends on the performance of the battery cells that are
intended to be used. However, an MMC topology makes it easy to implement battery cells in
series as well as to connect them in parallel, depending on application.

As described in section 2.7, the employer requested a solution which were able to drive and
charge the battery cells at the same time. The most appropriate solution is the double-armed
configurations since the circuits are symmetric which facilitates the charging of the battery
cells.

6.1 Future work

The work that has been made in this thesis is a groundwork for what may be a common solution
for high power battery-based applications. Since the double-arm configurations seems to be
the most beneficial solution for this application, a further investigation on half- and full-
bridges performances in complete systems may be of interest. Although, it seems as there is no
general answer to which configurations are the most effective when it comes to costs and
performance since it is highly dependent of what area the MMC topology is used within. It
would have been interesting to study the configurations in reality and see how the performance
is on a real application.

27



Bibliography

[1]

[2]

[3]

[4]

[5]

(6]

[7]

[8]
[9]

A. Grauers, S. Sarasini and M. Karlstrom, “Systems Perspectives on Electromobility,”
Chalmers University of Technology, Gothenburg, 2014.

J. Wang, R. Burgos and D. Boroyevich, “A survey on the modular multilevel converters
— Modeling, modulation and controls,” in Center for Power Electron. Syst., Virginia
Polytech. Inst. & State Univ., Blacksburg, VA, USA, Denver, CO, USA, 2013.

L. YanChun, L. TongLiang, J. GangGang, Z. Yue and L. YanWei, “Research on the Fault
Characteristics of DC side Based on MMC-HVDC,” in 2018 Chinese Automation
Congress (CAC), Xi'an, China, China, 2018.

U. K. Rathod and B. Modi, “Simulation and analysis of various configuration of MMC for
new generation STATCOM,” in 2017 8th International Conference on Computing,
Communication and Networking Technologies (ICCCNT), Delhi, India, 2017.

K. Sharifabadi, L. Harnefors, H.-P. Nee, S. Norrga and R. Teodorescu, Design, control
and application of modular multilevel converters for HVDC transmission systems,
Chichester, West Sussex, United Kingdom: John Wiley & Sons, 2016.

A. Lesnicar and R. Marquardt, “An innovative modular multilevel converter topology
suitable for a wide power range,” in 2003 IEEE Bologna Power Tech Conference
Proceedings, Bologna, Italy, 2004.

S. Debnath, J. Qin, B. Bahrani, M. Saeedifard and P. Barbosa, “Operation, Control, and
Applications of the Modular Multilevel Converter: A Review,” IEEE Transactions on
Power Electronics, vol. 30, no. 1, pp. 37-53, 2015.

T. Franzén and S. Lundgren, Elkraftteknik, Lund: Studentlitteratur, 2002.

Transportstyrelsen, “Transportstyrelsen,” Transportstyrelsen, 25 03 2020. [Online].
Available: https://www.transportstyrelsen.se/sv/vagtrafik/Yrkestrafik/Kor--och-
vilotider/regler-om-kor--och-vilotider/. [Accessed 07 05 2020].

[10] H. Weiss, T. Winkler and H. Ziegerhofer, “Large lithium-ion battery-powered electric

vehicles — From idea to reality,” in 2018 ELEKTRO, Mikulov, Czech Republic, 2018.

28



