Delft University of Technology

A study of three MVAC to LVDC Modular Multilevel
Converter based Solid State Transformers for
Ultra-Fast EV Charging Applications

Casper Grootes

LI

<= [=0
<=0

]
TUDelft



Modelling, Control System
Design and Comparison of

Star and Delta Connected
Solid-State Transformers

A study of three MVAC to LVDC Modular

Multilevel Converter based Solid State
Transformers for Ultra-Fast EV Charging
Applications

by

Casper Grootes

to obtain the degree of Master of Science
at the Delft University of Technology,
to be defended on Tuesday November 28, 2023 at 13:30.

Student number: 4976525

Supervisor: Dr. ir. Z. Qin
Project duration: Februari, 2023 7 November, 2023
Faculty: Faculty of Electrical Engineering, Mathematics and Computer Science; Delft

Thesis committee:  Prof. dr. ir. P. Bauer
Dr.ir. Z. Qin
Dr. P. Manganiello

Cover: EV Charging Station Connected to the MVAC grid through an SST

o]
TUDelft



Abstract

With an increase in higher power (ultra) fast EV charging stations and a new EU law for mandatory
deployments of EV charging stations, an optimal MVAC grid connection for these charging stations
is desired. Considering this connection, the use of a solid-state transformer (SST) performs better in
terms of weight, size and efficiency with a similar cost, compared to the conventional low-frequency
transformer (LFT) for MVAC to LVDC conversions. This study compares three MMC-based SST topolo-
gies where a DAB is connected to each submodule: Double-Star, Single-Star and Single-Delta. The
cost of an MMC mainly depends upon the required energy storage and the switch stress. The topolo-
gies are therefore mainly compared based on these parameters, but other parameters are considered
as well. With the goal of minimising the required energy storage, an 80% MMC energy storage reduc-
tion compared to the theoretical minimum requirement has been achieved by control.

A novel mathematical model has been proposed for each SST; this uses an MMC model based on
the switching function and a DAB model based on the single phase-shift control. The model has been
implemented in simulation and proven to accurately determine the average behaviour of the SST while
significantly reducing the simulation complexity and time. This model helps to understand the SSTis
behaviour and furthermore allows for control system tuning both manually and automatically using the
Genetic Algorithm.

Three different control systems have been designed. Control system A, where the MMC current is
controlled by the average submodule voltage and the DAB controls the LVDC bus voltage. Control sys-
tem B, where the DAB controls each individual submodule voltage and the MMC current is controlled
by the LVDC bus voltage. Control system C, which is similar to control system B, but uses a stable DC
voltage source on the LVDC bus and a set MMC current. An improved DAB control has been designed
for control systems B and C, resulting in control systems B* and C*. This control is based on the use of
a current feedforward and a PI controller combined with the inverted equations of the DAB model. The
three topologies have been successfully simulated with this improved DAB control system using an
80% MMC energy storage reduction compared to the theoretical minimum requirement. This improves
the general behaviour and significantly reduces the cost of the SST. The improved DAB control system
has been tested using a hardware DAB with a current step input, which has shown that the new control
system performs better in voltage peak reduction compared to Pl control.

Out of the three topologies, the Single-Star topology performs the best. It has the lowest energy
storage requirement and switch stress. Furthermore, its behaviour lies the closest to the ideal model.
The best result for the Single-Star SST is achieved with the proposed improved DAB control, which
leads to the lowest energy storage requirement, switch stress, THD, submodule voltage deviations
and settling time. Out of these two control systems, C* performs the best.
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Introduction

On the 11th of December 2019, the European Union first presented the European Green Deal, a plan
to reduce the emission of greenhouse gasses by 55% by 2030 and completely by 2050 [1]. As part of
the green deal, the European Union will end the sale of new CO, emitting cars by 2035 [2]. Therefore,
there will be an increase in zero-emission cars such as the electric vehicle (EV), which in turn will result
in an increased need for a good EV charging infrastructure across the European Union. In March
2023, the European Union passed a new law as part of the Green Deal: The new Regulation for the
deployment of alternative fuels infrastructure (AFIR). This law sets mandatory deployment targets for
electric recharging infrastructure for the road sector. From 2025 onward, the core trans-European
transport (TEN-T) network will require a fast charging station for EVs of at least 150kW, and a heavy-
duty charging station of 350kW every 60 km. [3]. On July 13th 2023, a new law was passed with
mandatory deployment targets up to 2035 [4]. The full overview of the mandatory deployment targets
is presented in [5], including total charging pool requirements of up to 3.6MW by 2030 for heavy-duty
electric vehicles. Tables 1.1 and 1.2 present the full overview of the targets. A 3.6MW charging pool
connected to the conventional low voltage three-phase 400V alternating current (LVAC) grid, would
result in an undesirably high phase current of approximately 5.2kA. High-power EV charging can have
undesired impacts on the grid [6, 7].

Connecting such a charging station to the medium voltage alternating current (MVAC) grid of 10kV
might be a better alternative. For this, a solid-state transformer (SST) can be considered, directly
connecting an 800V low voltage direct current (LVDC) bus to the 10kV MVAC grid. [8]

Project Objective

This project will consider the use of a modular multilevel converter (MMC) based 3.5MVA solid-state
transformer (SST) to connect the 10kV MVAC grid to an 800V LVDC EV charging station. Both star-
and delta-connected SSTs, including their control systems, will be considered and compared. The main
costs of an MMC are determined by the submodule costs, consisting of the switch cost (dependanton V,
considering a single current rating) and the capacitor cost (dependent on V 2 for electrolytic capacitors)
[9]. Therefore, the different topologies will be compared on the total switch stress of the MMC and the
total stored energy (CV?2) in the MMC. Furthermore, a control system will be developed for the SST
while investigating the potential of using the control system to reduce the stored energy.

Used Methodology

To obtain the desired results of the project objective, the following steps and methodology will be used:

1. /LWHUDWXUH (®Bistng Datature @ill be reviewed, considering MMCs and SSTs, on the
design choice possibilities and potential configurations to be considered.

2. ORGHOLQJ RI WKH N&Rentabidal modelling of the converter will be done in order to
understand its behaviour, and potentially help with the control system tuning.

3. &aRQWURO 6\V W HWaritu¥ tohtpol systems for the SST will be designed. This includes
their potential for reducing the stored energy in the MMC and their tuning.

4. 6L P X O D SimiRafions of the different topologies and their control system will be builtin PLECS
[10]. The simulation results will be used for the comparison.

5. + DU G Z D U HAV\aktiwake test is done to validate the improved DAB control system.

& R Q F O X heRy@thered results of the simulations and hardware test will be summarised and

used to draw a conclusion about the different topologies and control systems.

IS

This thesis report is divided into chapters according to the methodology used. A publication draft about
the developed mathematical SST model and its ability to help with the control system tuning using the
genetic algorithm is given in appendix A.
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1.1. EV Charging

On July 13th 2023, the European Union passed the law which includes the mandatory targets for EV
Charging stations across the EU. Tables 1.1 and 1.2 represent these targets for electric cars, vans and
heavy-duty vehicles, across the trans-European transport (TENT-T) Road Network.

7TDUJHW (9 5HFKDUJLQ@J17 7 &RWUH (17 7 &RPSUHKHQVLYH
'DWH 7\SH 5RDG 1IHWZRUMRDG 1HWZRUN
31-12-2025 | Individual Charger 150kW -
Charging Pool 400kW -
31-12-2027 | Individual Charger 150kW 150kW along 50%
Charging Pool 600kW 300kW along 50%
31-12-2030 | Individual Charger - 150kW
Charging Pool - 300kwW
31-12-2035 | Individual Charger - 150kw
Charging Pool - 600kW

7D E O H EU EV-Charging infrastructure targets for cars and vans, to be placed at least every 60 km [5]

7TDUJHW (9 BHFKDUJLQJY (17 7 &RUH7(17 7 &RPSUHKHQVLYH
'DWH 7\SH 5RDG 1HWZRUNS5S5RDG 1HWZRUN
31-12-2025 | Individual Charger 350kW along 15%
Charging Pool 1.4MW along 15%
31-12-2027 | Individual Charger | 350kW along 50% 350kW along 50%
Charging Pool 2.8MW along 50% 1.4MW along 50%
31-12-2030 | Individual Charger 350kW 350kW every 100 km
Charging Pool 3.6MW 1.5MW every 100 km

7D E O H EU EV-Charging infrastructure targets for heavy-duty vehicles, to be placed at least every 60 km![5]

An overview of extra fast electric vehicle charging technologies is given in [11], including EV charging
up to 350kW where a 200-mile driving range can be added within 10 minutes of charging. Furthermore,
the usage of 800V batteries has already been reported to allow these charging power rates due to
cable weight limitations [8]. Cable weight limitations allow charging of 400V DC up to 200kW and 800V
DC up to 350kW, as 800V DC charging requires a less heavy cable due to the lowered cable current
[11]. Due to the requirements set by the European Union of table 1.2, 800V DC will be required to allow
these charging rates. Even higher power ratings can be considered using multilevel medium voltage
connected charging topologies [12]. An overview of the impact on the grid of EV-Charging is given in
[71.

With these trends, it is clear that DC EV-Chargers operating on at least 800VDC are required to
meet the mandatory charging infrastructure targets set by the European Union [5]. To allow for the total
charging pool power ratings, a SST-based connection of DC charging station of at least 800V to the
MVAC grid is to be considered [8, 12].

lwith the exception of the target heavy-duty vehicle charging stations along the TENT-T Comprehensive Road Network, which
need to be placed at least every 100 km
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1.2. The Modular Multilevel Converter

The modular multilevel converter (MMC) is the most fundamental building block of the considered solid-
state transformer (SST). This chapter will briefly describe the background of the MMC as this information
is essential for understanding MMC-based SSTs.

With a need for a DC to AC conversion at higher voltage the typical two-level voltage source inverter
(VSI) will not suffice due to the limited blocking voltage of the available switches. By using a multilevel
topology the DC-link voltage can be divided across multiple switches allowing for higher DC-link volt-
ages and therefore higher power [13]. The Double-Star Modular Multilevel converter is presented in
[14].

A MMC consists of multiple armss, each consisting of N number of submodules (SMs) and an
inductor. Figure 1.1 shows the configuration of such an arm as well as the equivalent symbol for an
MMC arm, which is used in other figures.

)LJIXUH Single MMC Arm

A review of MMCs for stationary applications is presented in [15]. Neglecting AC-AC conversion
topologies gives four topologies: Single- and Dual-Star, and Single- and Dual Delta. Figure 1.2 shows
these four topologies of which the Double-Star (Figure 1.2b) is the most commonly used as it provides a
DC-Link. The Double-Star, Single-Star and Single-Delta topologies are the considered MMC topologies
to be compared. The initial MMC analysis is done for the Double-Star MMC topology as this is the most-
used and most-complex.

N
IN
N
IN
N‘\
N
N
IN

DSingle-Star Configuration E Double-Star Configuration F Single-Delta Configuration GDouble-Delta Configuration

) LJ X U H Different MMC Topologies
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1.3. The MMC Submodule

The submodule of a MMC usually consists of a capacitor and switches. The half-bridge submodule
is presented in [14]. Many other submodule types exist some of which are presented in [15i 17]; this
includes multilevel, current source, and other topologies. The second most commonly used and con-
sidered submodule is the full-bridge, sometimes referred to as H-bridge, submodule. The full bride
submodule can insert the positive and negative submodule voltage, while being more robust towards
DC-faults [18]. The half-bridge SM can only insert the positive submodule voltage and is less toler-
ant towards DC faults; however, it is easier to implement due to its simplicity. Figure 1.3 shows the
half-bridge submodule (figure 1.3a) and the full-bridge submodule (figure 1.3b).

Tans |
SM SM
S1 + S4 S, +
o———— ——Vsm o— —_—— Vsm
S, - S, S, -
o
o
DHalf Bridge Submodule (HBSM) E Full Bridge Submodule (FBSM)

)LJ X UH Most commonly used MMC SMis

The Half-Bridge Submodule (HBSM) and the Full-Bridge Submodule (FBSM) will be the two con-
sidered submodules in this report, as these are the most commonly used. The HBSM can be used for
the double-star configuration (Figure 1.2b) as the upper legs provide only the positive voltage and the
lower the negative. For the single-star (Figure 1.2a) and delta (Figure 1.2c) configurations, a FBSM is
required due to the need to insert both positive and negative voltages in each arm.
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1.4. MMC Modulation Techniques

To control the submodules with an AC reference signal, a modulation technique is required to create
the desired switching signals. These switching signals then control the gate of the switches in order
to insert or bypass the submodule (HBSM), or to insert a positive or hegative voltage (FBSM). These
modulation techniques can be divided into three categories:

A Nearest Level Control (NLC)
A Level Shifted Carrier (LSC)
A Phase Shifted Carrier (PSC)

A preliminary research has been done comparing various modulation techniques and their effects on
Harmonics, Total Harmonic Distortion (THD), complexity, internal voltage and circulating current. NLC,
the three most common LSC methods and the two most common PSC methods will be briefly sum-
marised. The results of which have been obtained in this preliminary research. [19]

1.4.1. Nearest Level Control (NLC)

Nearest Level Control is the most simple form of modulation for MMCs. The amplitude of the AC
reference signal is rounded to the nearest level and the required amount of submodules are inserted.
The generated voltage is now a stepped version of the reference voltage with N+1 levels. Figure 1.4
shows the control signals of the MMC.

0.4+

0.3

0.2

0.1

0.0

-0.1

-0.2-]

0.3

-0.4-]

N4 ,
05 : e 0 :
0.0 0.5 1.0 1.5 x le-2 0.0 0.5 1.0 15 x le-2

DSinusoidal reference and its nearest levels E Generated PWM signals

)LJI X UH Nearest Level Control (NLC) width N=4

The higher the number of submodules used, the less the THD will be, therefore this technique is
mostly applied with higher numbers of submodules (e.g. N>10). With NLC the total energy drawn or
given to each submodule will not be equal and therefore a sorting algorithm for voltage balancing will
be required.
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1.4.2. LSC: Phase Disposition (PD)

Phase Disposition (PD) is the simplest Pulse Width Modulation (PWM) using N-level shifted carriers.
The N amount of carriers are equally distributed between 0 and 1 and compared to the AC reference,
which is also between 0 and 1. The outputs of the comparators give the control signals for the submod-
ules. Figure 1.5 shows this.

0.4/

-0.1 0
T T T
0.0 0.5 1.0 1.5 x le-2 0.0 0.5 1.0 1.5 x le-2

DSinusoidal reference and the carriers E Generated PWM signals

)L J X U H Phase Disposition (PD) with N=4

PD similarly to NLC will not give an equal energy distribution between the submodules and will
therefore require voltage balancing. Furthermore, the THD will be lower than NLC for a low N and
higher for a high N. The main downside of PD is the undesired voltage spikes introduced on the internal
voltage.

1.4.3. LSC: Phase Opposition Disposition (POD)
Phase Opposition Disposition (POD) is similar to PD but with the phase of the lower half carriers being
inverted. Figure 1.6 shows these carriers.

1.0

0.9

0.8+

0.7

0.6

0.0 05 10 15 X 1e2 0.0 05 10 15 X 1e2

DSinusoidal reference and the carriers E Generated PWM signals
) LJI X UH Phase Opposition Disposition (POD) with N=4
The advantage of the inverted phase is the removal of the undesired voltage spikes, this comes at

the cost of increased THD compared to PD. POD, like PD, has an uneven energy distribution between
the submodules and requires voltage balancing.
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1.4.4. LSC: Alternating Phase Opposition Disposition (APOD)
Alternating Phase Opposition Disposition (APOD) is similar to PD, but with each odd harmonic being
inverted. Figure 1.7 shows these carriers.

1.0

0.9+

0.8+ 0

: i

|
T T T T
0.0 0.5 1.0 1.5 x le-2 0.0 0.5 1.0 1.5 x le-2

DSinusoidal reference and the carriers E Generated PWM signals

) LJ X UH Alternating Phase Opposition Disposition (APOD) with N=4

The properties of APOD are comparable to POD. According to most literature, the THD of APOD is
reduced compared to POD. The preliminary research has shown cases where this is not true. APOD,
like all LSC modulations, will have an uneven energy distribution between the submodules and requires
voltage balancing.

1.4.5. PSC: Phase Shifted Carrier
The Phase Shifted Carrier (PSC) modulation consists of N carriers which are shifted in phase by 2r\T
rad. The reference AC waveform is then compared to these carriers to create the desired switching
signals for the submodules. Figure 1.8 shows the phase-shifted carrier.
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DSinusoidal reference and the carriers E Generated PWM signals

)L J XU H Phase Shifted Carrier (PS) with N=4

Phase-shifted carrier modulation presents an equal energy distribution between the submodules,
eliminating the need for voltage balancing by sorting. Furthermore, it has reduced THD compared
to POD, APOD, and NLC with low N. It is the technique with the most switching commutations per
submodule and will therefore most likely result in the highest switching losses compared to LSC and
NLC.
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1.4.6. PSC: Phase Shifted Carrier with Lower Arm Shifted
When using a phase-shifted carrier modulation, it is also possible to shift the carriers of the lower arm
by & rad compared to the upper arm (PSCLAS). Figure 1.9 shows this shift.
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)L JIXUH Upper and Lower arm Carriers of Phase Shifted Carrier Lower Arm Shifted (PSCLAS)

Compared to PSC, PSCLAS eliminates the Nth harmonic of the switching frequency which can re-
sultin a reduction of the THD. However, the preliminary research has shown that this can also introduce
the earlier mentioned voltage spikes.

For the solid-state transformer equal power flow per submodule is desired. The reasoning behind
this is explained in section 1.5. Because of this, PSC is required. To avoid voltage spikes the regular
PSC method without shifting the lower arm will be used.
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$ VROLG VWDWH WUDQVIRUPHU 667 WRSRORJ\ ZKLFKJHQHUDWHYV D /9'& |
&RQFHSWV RI WKH 667 GDWH EDFN WR WKH VZLWKILYHPDLQ WASHV 0D
ODWHG EDFNHQG LVRODWHG PRGXODUPXOWLOHY® OZARIIMHWIWHHUVRQDOW
PRGXODUPXOWLOHYHO FRQYHUWHU LV WKH FRQVLGHUHG 667 W\SH LQ WK
SUHVHQWHG DQG FRPSDUHG@ Q IRWWHH WEKWWUH)>VRPH RI WKLY OLWHUDWX
6LQJOH '"HOWD 00& FRQILIXUDWLRQ LV UHIHUUHG WR DV D &DVFDGHG + EI
YHORSPHQW SURMHFWYV WKHO00& EDVH@ FR/QWLWEWKHY PQL QUFKRH&MW ¥ E\ 6L H
RPEDUGBHYOVWRP¢*OREDO SHV@ DHFH. >@ DQG WKH )5(('0 6\VWHP &HQWF
>+ @ 6SHFLILFDOO\IRUDQO09%$& WR/9'&« FRQYHUVLRQ DVROLG VWDWH W
WKDQ D FRQYHQWLRQDO ORZ IUHTXHQF\ WUDQVIRUPHU /)7 LQ WHUPV RI
PDLQWDLQLQJD VIgPL)DXWFFRFWIPHVHQWY WKLV FRPSDULVRQ

JLIXUH &RPSDULVRQRIDQ667WRDQ/)7LQ $& $& DQG®& '& DSSOLFDWLRQV >

JLIXUHVKRZV WKUHHO00& EDVHG DOWHUQDWLYHV ZKLFK ZLOO EHEULHI
WR FRQILUP WKH FKRLFH RI WKH XVH RI WKH FREI)UIXXYDADVRKR DW WERZQ LC
667 ZKHUH DQ 09'& OLQN LV FUHDWHG XVLQJDQ 00& $VHFRQG 00& LV XVHC
WUDQVIRUPHU +)7 ZKLFKZLWK DQ DFWLYH UHFWLILHU JHQHUDWHYV '& 7
+)7LVVXJIJHVWHG L@ >*RZHYHU WKH XVHRIVHULHY WR SDUDOOHO LVROD
'XDO $FWLYH %ULGJH '$% PLIJKWEHDEHWWHUDOWHUQDWLYH 6HULHV'
JHVWHG LGE>@ )LIXUEVKRZV WKHLPSOHPHQWDWLRQRIDVHULHV WR SDUI
JHQHUDWH WKH /9'& TURPAQVKRIROQD& BV WKLV WRSRORJ\WR RQH ZKHUH HDF|
VWUDLIJKW WR D VXEPRGXOH 7KHXVHRID ' '$% FRQQHFWHG VWUDLJKW WR

@ 7KHGLUHFW FRXSOLQJRIWKH '$% UHPRYHVY WKH 09'& OLQN
OLQN FDSDFLWDQFH VDYLQJ FRVWV )XUWKHUPRUH WKLV DOORZV IRU S
YROWDJHY WKURXJK WKH '$% DQG LW LV WKH RQO\ WRSRORJ\ ZKLFK DOC
WRSRORJLHVY 7KLV PDNHV WKHGLUHFW FRXSOLQJRIWKH '$% WR HDFK VX
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D%DFN WR EDFN 00&V EO00& SURYLGLQJO09'& IRU F'$%V FRQQHFWHG GLUHFWO\
ZLWK VLQJOH +)7 VHULHYV SDUDOOHO '$% FRQQHFWIRIQDFK 60

JLIXUH 'LITHUHQW 09%$& /9'& 00& EDVHG 667 &RQILIJXUDWLRQV

‘KHQ FRQVLGHULQJ WKH RSWLRQV IRU D G LU HZ W WHKE PR/ KRG QFHRAVE LORHE
EHWZHHQ WKH VXEPRGXOHV RI WKH GLIITHUHQW SKDVH® KR/W V X\ERHR GXO H Y
VLPLODUO\ DV WKH KHUH LQWHQGHG REMHFWLYH 7R FUHDWH DQ /9'& EX!
,Q>@ RQH '& EXV LV JHQHUDWHG SHU SKDVH DQG WKH 00& FLUFXODWLQJ F
SRZHU IORZ EHWZHHQ WKH YDULRXV /9'& EXVVHV 'XH WR WKH FLUFXODW|
LV RQO\D YLDEOH VROXWLRQ IRUD 'RXEOH 6WDU FRQQHFWLRQ

$OWHUQDWLYHO\ DVLQJOH/9'& EXV FDQ E H2J H®H U B\WHG! B ¥ % R ZHNVMRPG
QHQWV RI WKHWKUHH SKDVHV ZLOO FDQFHO HDFK RWKHU RXW UHVXOWLG
FVKRZV WKLV 667 FRQILJIXUDWLRQ ZLWK D GLUHFWO\ FRXSOHG '$% SHU
WKH VHFRQGDU\ VLGH WR JHQHUDWH WKH GHVLUHG /9'& EXV 'XH WR WKH
LWDQFH WKH SRWHQWLDO VXEPRGXOH YROWDJH FRQWURO DQG WKH RSV
WKLV ZLOO EH WKH PRVW HIILFLHQW VROXWLRQLQ WHUPV RIKDUGZDUH XV
D)LIXUHEDQG WKH SURSRVHG@ROXWLRQ LQ >

'LWK WKH XVHRIDGLUHFWO\FRXSOHG '$% HYHQ SRZHU GLVWULEXWLR((
VLPSOLFLWA\SXUSRVHV 7KHUHIRUH WKH SKDVH VKLIWKIGBWWREEBXWHRQ D\
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JLIJIXUH &RPSDULVRQ RI WKH ODWKHPDWLFDO ORGHO DQG D 6ZLWFKHG 00& 6LPXODWLR
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