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ABSTRACT
Rapid electric vehicle (EV) chargers with power ratings above 100 kW will become more common in the future. Reinforcing UK
distribution networks with additional power handling capacity can be costly and disruptive. This is due to the limited headroom in
11 kV distribution networks and the high population densities where 11 kV/400 V transformers are located. This paper proposes a
medium voltage DC (MVDC) system that bypasses the 33 kV/11 and 11 kV/400 VAC transformers by transmitting 54 kVDC power
directly to the EV charging stations. The 33 kV AC to 54 kV rectification in this system is proposed to be done by using a 29-level
modular multilevel converter (MMC) implemented in 3.3 kV SiC MOSFETs. On the EV side, there will be a 54 kV to 800 V/400 V
fully isolated DC/DC converter implemented with 3.3 kV SiCMOSFETs on the primary side and 1.2 kV SiCMOSFETs or Schottky
diodes on the secondary side. This paper presents experimentally calibrated converter simulation results demonstrating improved
performance in the MVDC system and shows this is only possible with SiCMOSFET technology, as the losses using silicon IGBTs
make the system less efficient than the existing AC transmission system.

1 Introduction

In the future, when there is significant penetration of electric
vehicles (EVs), the 11 kV distribution network will increasingly
come under the stress of increased electric vehicle (EV) charging
demand [1–5]. As a result, transformers in the distribution net-
work will increasingly be loaded towards their electrical/thermal
ratings. Various studies have shown the impact of increased
EV charging on distribution transformers [6–10]. Studies in [11]
showed the adverse impact of increased EV charging on the
reliability of a distribution transformer due to increased thermal
loading, while in [12], the impact of total harmonic distortion
from the EV chargers on distribution transformers was analysed.
Similar conclusions were reached in [8], where the winding
hot-spot temperature on power distribution transformers was
shown to increase with EV loading, and an off-peak tariff was

recommended to redistribute the loading of the transformer.
Other challenges aggravated by increased EV charging are voltage
stability in distribution networks [13, 14]. The combination of
increased EV charging and increased distributed generation
(from rooftop photovoltaic systems) in the low voltage distribu-
tion system makes voltage control challenging [15].

Most studies, however, focus on residential charging, where Type
1 chargers (typically around 7 kW AC) are used for overnight
charging. However, as EV numbers increase, daytime charging
using type II and type III fast and ultra-fast charging will become
commonplace. Increasing demand from heavy-duty EVs with
large battery capacities (for example, electric buses) will also be
the reality. Hence, ultra-fast charging during peak hours will
become inevitable. The proliferation of ultra-fast chargers for
heavy goods vehicles (HGVs) and electric buses will mean the
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FIGURE 1 Proposed MVDC Transmission in red.

demand for high-power EV chargers (100 kW and above) will
increase [16–19]. This will require significant upgrades in the
distribution network infrastructure, especially the 11 kV/400 V
transformers. Integrating high-power chargers into the distribu-
tion network can be achieved in different ways, including (i)
bundling low-voltage transformer capacities, (ii) using power
supplies for light rail infrastructure where available and (iii)
using medium-voltage DC (MVDC) technologies [20]. This paper
proposes an MVDC transmission system that transmits power
directly from the 33 kV AC system to the charging station. A
conceptual diagram of this proposed system is illustrated in
Figure 1where theMVDC lines are shown in dashed lines, and the
conventional AC lines are shown as solid lines. There are several
advantages to this approach, namely

i. This approach avoids the need for upgrading several distri-
bution transformers (33 kV/11 kV and 11 kV/400 V) since
they are bypassed.

ii. By using MVDC transmission, different points in the low-
voltage AC system can be interconnected, as would be the
case when using a soft open point (SOP). The advantages
of SOPs, which include increased improved network fault
tolerance and more flexible active/reactive power flow, are
well known [21].

iii. DC energy storage solutions like batteries and sources like
photovoltaic generation can be more easily integrated into
the DC transmission system.

The advantages of MVDC transmission are clear [22–25]. How-
ever, what remains to be assessed is the loss performance of the
power converters compared to the conventional AC system and
what role SiC power devices have to play. In [26], the use of
10 kV SiC MOSFETs in a medium-voltage (4.16 kV) connected
fast charger was assessed. Given that 10 kV devices were used,
a two-level active front-end rectifier was implemented for the
EV charger. In [27], a modular multilevel DC-DC converter for
EV chargers connected to MVDC systems was studied; however,
there was no loss analysis performed. In [28], a medium voltage
connected fast charging architecture was proposed for a charging

station connected directly to a 4.16 kV grid. The converter was not
an MMC-type topology, which didn’t present a challenge given
the relatively low AC side voltage.

In the system proposed in this study, rectification is performed
at a higher voltage level (33 kV) and transmitted to the charging
station using MVDC technology, completely bypassing the AC
distribution system transformers. One of the main consequences
of the proposed system is that different power electronic devices
and converters are needed compared to the conventional system.
The purpose of this study is to (i) assess the loss performance of
the proposed system using the latest generation wide bandgap
power semiconductor devices, namely high voltage (3.3 kV)
SiC power MOSFETs and (ii) compare the losses with the
conventional system.

This paper implements electrothermal simulations of EV charger
power converters in the proposed MVDC system and compares
them to the conventional AC system. Section 2 describes the
proposed MVDC system in contrast with the existing AC sys-
tem; Section 3 discusses the experimental measurements on
the devices used in the simulations; Section 4 introduces the
simulation methodology; Section 5 analyses the results and
Section 6 concludes the paper.

2 Proposed MVDC System

The current technology for EV charging solutions based on the
400 V system uses either on-board EV chargers (for type 1 and
type 2 charging) or off-board chargers for type 3 DC fast charging
[29, 30]. Both on-board and off-board EV chargers comprise a
rectifier (for AC to DC conversion) and a DC/DC converter for
interfacing with the EV battery. The rectifier can currently be
implemented as a (i) Vienna rectifier, (ii) an active front-end
rectifier [31] or (iii) a 12-pulse rectifier [32, 33]. The DC/DC
converter is typically implemented using an isolated topology
with a full bridge primary side converter, an isolating high-
frequency transformer and either a full bridge diode rectifier (for
unidirectional power flow) or another full bridge converter (for
bidirectional power flow in vehicle-to-grid applications). In the
conventional system, the EV charger is connected to the distri-
bution network as shown in Figure 2. Here, there is a series of
transformers between the main grid and the EV charging station.
As has been shown in several studies, significant increases in
EV charging will require reinforcement of the system, especially
regarding the 11 kV/400 V distribution transformers [11, 34–38].

In the MVDC system proposed here, all the rectification is
aggregated in the 33 kV bus. This means that this converter
will have a significantly higher power rating since it will serve
multiple rapid charging stations. Figure 3 shows a conceptual
diagram of this proposed MVDC system with the high-power
rectifier and the receiving end converters. 54 kV is chosen as
the DC transmission voltage since this has been previously
demonstrated in an MVDC system [22].

The high-voltage converters can be implemented as-

Two-Level H-bridge Converters with Series Connected
Devices: In this topology, multiple devices will be connected
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FIGURE 2 EV charging system from 400 V AC mains.

FIGURE 3 EV Charging with MVDC.

in series for voltage sharing. Each of the six switching blocks
of the H-bridge converter will be required to block the entire
DC voltage (54 kV). Since the voltage blocking capability of
commercially available power devices is limited to 3.3 kV (for SiC
MOSFETs) and 6.5 kV (for silicon IGBTs), devices will have to
be series connected to share the DC side voltage. This topology
was initially commercialised by ABB in its first variant of voltage
source converters for HVDC transmission systems. This topology
comes with significant challenges, including static and dynamic
voltage balancing, high electromagnetic stresses that come with
fast switching, lack of fault tolerance due to no modularity and
large filters for harmonic management [39].

Three level NPCConverters with Series Connected Devices
[40]: In this topology, there are 12 switching units in the
converter; hence, each unit is required to block half the DC
link voltage. This means that the number of devices required for
series connection in each switching unit is halved, thereby easing
the difficulties mentioned earlier with two-level converters. The
harmonic output of this converter is better than that of the two-
level converter however, as there are more switching units, the
control is slightly more complicated. This converter also lacks
modularity and hence is also not fault tolerant.

FIGURE 4 MMC based three-phase rectifier for MVDC transmis-
sion to EV chargers.

Modular Multilevel Converter with Cascaded H-Bridges:
In this topology, the DC link voltage is blocked by a series con-
nection of half-bridge or full-bridge converters, each operating
at a fraction of the total voltage depending on the number of
levels. The primary advantage of this topology is the modularity
since each submodule can be bypassed in case of failure in
the devices, auxiliary electronics or passive components. This is
advantageous from the perspective of fail-safe operation. Another
main advantage of the MMC topology is the avoidance of series
connection of power devices since each device only needs to
block the submodule voltage. This submodule voltage will be the
total voltage divided by the number of levels. The problems of
static and dynamic voltage balancing are avoided. The switching
losses of this converter are also significantly lower than those of
2 and 3L converters. Last, there is very little filtering requirement
with this topology since a near-sinusoidal wave is produced. The
THD performance is significantly better than those of 2 and 3L
topologies. On the downside, the control system of this converter
is significantly more complicated than series-connected 2L or
NPC topologies.

Figure 4 shows the circuit diagram of an MMC-based MVDC
rectifier that is proposed for use in this system. Since the DC side
voltage is 54 kV and the converters at the EV charging station
end will be required to step down from 54 kV to under 800 V or
400 V (for the EV battery), the converter topology applicable is
not immediately clear, as this has not been demonstrated yet. This
converter topology can come in 2 variants. One that uses a single-
phase leg with series-connected capacitors on the MVDC link
shown in Figure 5(a) and another that uses two phase legs with
modular capacitors shown in Figure 5(B). In Figure 5(a), each
arm is composed of unipolar submodules capable of generating
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FIGURE 5 Proposed DC/DC Converter based on MMC Topology
(A) Half-bridge (one-leg) and (B) Full-bridge (two-leg).

voltages between 0 and the arm voltage (𝑉𝐴𝑅𝑀), typically up
to 𝑉𝐷𝐶∕2. By referencing the midpoint of the MVDC link as
ground, the upper and lower arms are modulated symmetrically,
resulting in a differential voltage across the transformer primary
winding that spans from −𝑉𝐷𝐶∕2 to +𝑉𝐷𝐶∕2. This achieves a
total voltage swing of 𝑉𝐷𝐶 , effectively creating a bipolar AC
waveform across the transformer, despite each submodule being
unipolar in nature. The differential connection helps eliminate
the net DC offset, thus preventing magnetic core saturation.
In contrast, the topology shown in Figure 5(B) utilises two
independent legs (each with upper and lower arms), and the
transformer is connected differentially between the midpoints
of these legs. Through coordinated modulation of these four
arms, the voltage at the transformer primary can swing from
−𝑉𝐷𝐶 to+𝑉𝐷𝐶 . This enables effective bipolar waveform synthesis.
However, this extended voltage range also results in higher peak
voltage stress across the transformer windings. Consequently,
the transformer in the two-phase legs’ configuration demands
a more robust insulation design compared to the single-phase
leg configuration, where the voltage stress is inherently limited
to ±𝑉𝐷𝐶2.

TABLE 1 Devices used in EV Charger Simulations for both AC and
MVDC transmission systems.

Device IDS @ 100◦C Datasheet

AC Transmission

Vienna Rectifier Devices
SiC MOSFET 650 V/27A SCT3060AL
Silicon IGBTs 650 V/20A RGTH40TS65D
SiC SBD 650 V/10A C3D10065

DC/DC Converter Devices
SiC MOSFET 1.2 kV/24A C2M0080120D
Silicon IGBT 1.2 kV/20A IHW20N120R5
SiC SBD 1.2 kV/16A C4D10120A

MVDC Transmission

MMC Rectifier Devices
SiC MOSFET 3.3 kV/46A G2R50MT33K
Silicon IGBT 6.5 kV/85A QIC6508001

DC/DC Converter Devices
SiC MOSFET 3.3 kV/46A G2R50MT33K
SiC MOSFET 1.2 kV/395A MSCSM120AM042

-CT6LIAG
Silicon IGBT 6.5 kV/85A QIC6508001
Silicon IGBT 1.2 kV/400A FZ400R12KE4

3 Experimental Measurements of Switching
Losses

In this section of the paper, the switching energies of the
various devices have been measured. These devices include SiC
MOSFETs, diodes and silicon IGBTs simulated in the Vienna
rectifier, the LLC resonant DC/DC converter and the MMC.
These measurements are used as inputs into the simulations
described in the following sections to get more realistic and
accurate assessments of the converter loss performance. Table 1
lists these devices alongside their respective datasheet references.

The clamped inductive switching test system and the circuit
are shown in Figure 6. By charging up the inductor to a pre-
defined current and switching the transistor, the turn-on and
turn-off switching energies of the low side transistor and high
side diode can bemeasured simultaneously. The switching energy
is calculated from the measured waveforms using the equation
below.

𝐸𝑆𝑊−𝑂𝑁 =
𝑡𝑜𝑛

∫
0

𝐼𝐷𝑆𝑉𝐷𝑆𝑑𝑡 (1)

Examples of the turn-on and turn-off measurements are shown
in Figures 7(A) and (B), respectively. In these figures the drain
current (IDS), gate voltage (VGS) and drain voltage (VDS) transients
are identified for the 1.2 kV SiC MOSFET switching 800 V and 30
A at a junction temperature of 25◦C. These measurements were
performed at 10 A, 20 A and 30 A with junction temperatures set
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FIGURE 6 Experimental test rig for measurement of switching
transients. [1] DC Power Supply, [2] Test Enclosure, [3] Function Genera-
tor, [4] Current Probe Amplifier, [5] Oscilloscope, [6] DC Link Discharge
Resistor, [7] Differential Probes [8] Gate Driver, [9] Current Probe (ISJ),
[10] DUT and Freewheeling Diode, [11] Inductor, [12] DC Link Capacitor.

FIGURE 7 Measured (A) Turn-On and (B) Turn-Off gate voltage,
drain current and drain voltage transients.

FIGURE 9 Electrothermal Simulations for converter loss calcula-
tions.

FIGURE 8 Thermal network derivation from thermal impedance
characteristics.

to 25◦C, 75◦C and 150◦C. By measuring the switching energy at
different temperatures and currents, a two-dimensional look-up
table of measured losses was created and used in the simulations
described in Figure 9.

The thermal impedances have been extracted from the datasheets
and used in conjunctionwith themeasured losses to give accurate
junction temperatures for each device technology. This was done
by using curve fitting on the transient thermal impedance charac-
teristics to create a Foster thermal network as shown in Figure 8.
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FIGURE 10 Control block diagram of grid-side MMC rectifier.

The input to the Foster network is the instantaneous total loss,
while the output is the device junction temperature. Figure 9
shows the electrothermalmodel of the converter andhowa closed
feedback loop between the losses and the junction temperature
is achieved. As shown in Figure 9, the measured and datasheet
values of the conduction and switching energies of the diodes
and transistors are used to make the model fully electrothermal,
thereby yielding accurate results. For each simulation time-step,
the junction temperature computed in the previous step is used
to select the device losses. This is acceptable since the junction
temperature does not change instantaneously, and the simulation
time step is well within the thermal time constant of the devices.

4 Simulation Methodology

In this section of the paper, the electrothermal simulations in
the previous section are performed on EV chargers in both the
conventional low-voltage AC system and in the proposed MVDC
system. To perform accurate loss calculations for the converters in
the EV charging systems, it is first necessary to correctly simulate
the control system of the converters. One of the widely used
control schemes for grid-tied rectifiers is known as the voltage-
oriented control (VOC) approach [41, 42]; hence, it is used for both
the MVDC and the AC transmission system rectifiers.

4.1 Simulation of MVDC-MMC Control System

The VOC approach was used for MVDC grid-tied-MMC based
rectifiers, as shown in Figure 10. For the DC/DC converter, the
primary side of the isolation transformer is subjected to open-
loop control with a modulation index equal to 1. The modulated
signal is fed into the phase-shifted carrier modulation scheme
(PSC-PWM) block in MATLAB as shown in Figure 11 [43]. The
assumption of a modulation index equal to 1 simplifies the
analysis by ensuring that the converter operates at its maximum
theoretical efficiency during the entire study. The control algo-
rithm shown in Figure 12 is employed on the secondary side

FIGURE 11 Pulse width modulation for the MMC based rectifier
and the primary side of the DC/DC converter.

FIGURE 12 Control algorithm for secondary side MMC based
DC/DC converter.

full-bridge rectifier shown in Figure 5(A). The 𝑣𝑎𝑐 (secondary side
of the transformer AC voltage) is passed through two low-pass
filters (LPF) and multiplied with a gain of 2 to generate a voltage
signal same as 𝑣𝑎𝑐 with a phase shift of 90◦. Therefore, 𝑣𝑎𝑐 is 𝑣𝛽
and the output of LPF signal is 𝑣𝛼 . Additionally, 𝑣𝛼 and 𝑣𝛽 are
transformed to the DQ-reference frame. PLL is performed to find
the angle which is in phase with the input voltage signal 𝑣𝑎𝑐. The
control is employed to ensure both zero reactive power and zero
phase difference between voltage and current [44].

When simulating EV charging in the MVDC system, two power
device technologies are assessed for the implementation. The
highest-rated voltage SiC MOSFET commercially available is a
3.3 kV SiC MOSFET from GeneSiC with datasheet reference
G2R50MT33K. Using this device will mean the MMC submodule
voltage of 1928.57 V based on the device using 58.44% of its rated
voltage capacity. This results in a 29-level MMC. If a 6.5 kV
silicon IGBT is used, the number of levels of the MMC can be
reduced to 17 since each submodule can be implemented with a
voltage of 3375 V. The advantage of having a reduced number of
levels is reduced complexity in the MMC control; however, the
disadvantage can be higher THD.

Since there are no commercially available 6.5 kV SiC MOSFETs,
this variant will have to be implemented in silicon IGBTs.
For the simulation, a 6.5 kV IGBT from Powerex is used with
datasheet reference QIC6508001. The fundamental frequency
of the AC voltage produced by the primary side of the MMC
converter is important because it will determine the size of the
isolation transformer between the primary side and secondary
side. The main advantage of solid-state transformers compared
to conventional transformers is the smaller size of the isolation
transformer since a higher fundamental frequency is used instead

6 of 12 IET Generation, Transmission & Distribution, 2025
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FIGURE 13 Vienna rectifier and DC/DC converter used in AC
based charging system.

of 50 Hz [45–47]. However, a higher fundamental frequency
means a higher switching frequency, which translates into
higher losses in the converter. Hence, there is a trade-off between
power density and switching losses. In the simulations, a 1 kHz
fundamental frequency is used with a 6 kHz switching frequency.

4.2 Simulation of the Vienna Rectifier and LLC
DC/DC Converter Control in AC Transmission
System

The simulation employs the VOC for Vienna rectifier, and a
voltage-controlled variable-frequency approach is adopted for the
DC/DC Resonant LLC converter as in [48, 49]. The converter’s
switching frequency is carefully chosen to enable zero voltage
switching (ZVS) during turn-on, thereby significantly reducing
switching losses. Moreover, for gate signal generation, a modu-
lated signal from the respective control algorithm is fed into the
Sinusoidal PWM generator block in MATLAB.

Figure 13(A) shows the circuit diagram of the Vienna Rectifier,
while Figure 13(B) shows that for the LLC DC/DC converter. In
the simulations of the EV charger based on the 400 V AC system,
referring to Figure 13(A), the bi-directional switches Sa, Sb and
Sc are implemented in 650 V SiC MOSFETs and SiC SBDs. In
the DC/DC converters in Figure 13(B), the switches S1 and S4 on
the primary side of the converter are implemented in 1.2 kV SiC
MOSFETs.

The switching transients are controlled by the PWM signals
generated by the control system. Harmonic management of the
rectifier is performed by the phase lock loop (PLL). Voltage
and current control in the rectifier are implemented in the DQ
reference frame as shown in Figure 14. An LLC converter is used
for the DC/DC voltage control. The switching frequency of the

FIGURE 14 Vienna rectifier control system implemented in
Simulink.

FIGURE 15 Total harmonic distortion as a function switching
frequency in Vienna rectifier.

converter is selected to ensure zero voltage switching (ZVS) at
turn-on thereby reducing switching losses significantly. However,
the turn-off losses of the transistors are still reflected in the
converter’s performance.

The Vienna rectifier has been simulated with the Si IGBTs and
SiC MOSFETs listed in Table 1. One of the main advantages of
using SiC MOSFETs is the fact that reduced switching losses
enable higher switching frequencies, which subsequently allow a
reduction in the size of the passive components. Figure 15 shows
the THD in the input current of the rectifier as a function of
switching frequency for the Si IGBT-based and SiC MOSFET-
based rectifiers. It can be seen in Figure 15 that using SiC
MOSFETs allows smaller THD with smaller-sized line filtering
inductances.

A key component in the design of soft-switched DC/DC convert-
ers is the component choice of the resonant tank that enables
zero-voltage switching. The component of the resonant tank
typically consists of a resonant inductor (Lr), a resonant capacitor
(Cr), and sometimes an additional transformer magnetising
inductance (Lm). The components of the resonant tank in this
study have been selected using the standard LLC resonant design
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FIGURE 16 LLC resonant tank gain (∣G∣(ω)) vs. frequency for
varying Q, at fixed inductance ratio m = 6.

methodology outlined in [49]. The design procedure begins with
defining critical operating parameters, such as nominal input
and output voltages, rated power, switching frequency range, and
desired ZVS load conditions. From these initial parameters, the
transformer turns ratio (n) and quality factor (Q) are determined.
The resonant tank is then characterised by two fundamental
parameters: the resonant frequency (fr), defined as

𝑓𝑟 =
1

2𝜋
√
𝐿𝑟𝐶𝑟

and the ratio of magnetising inductance to resonance inductance
(m), expressed as:

𝑚 =
𝐿𝑚
𝐿𝑟

A smaller m ensures wider ZVS operation but increases circu-
lating current and conduction losses, while a larger m improves
efficiency at the cost of a narrower ZVS range.

Figure 16 shows the frequency response of the LLC resonant tank
gain (∣G∣(ω)) for a range of quality factors (Q), with a fixed induc-
tance ratio 𝑚 = 𝐿𝑚 ∕ 𝐿𝑟 = 6. The gain characteristics highlight
how the selection of the quality factor directly influences the
resonant tank’s peak gain and bandwidth. Lower Q values result
in higher peak resonant gain but a narrower frequency range
around resonance, which is suitable for applications requiring
tight regulation around the resonant frequency. Conversely,
higher Q values yield lower peak gain but broader frequency
response, facilitating stable operation over a wider load range
and improved robustness against frequency deviations. This gain
analysis assists in selecting optimal resonant tank parameters to
ensure efficient and reliable zero-voltage switching across the
desired operating frequency range.

Figure 17 shows the resonant tank component values (inductor
and capacitor) as a function of switching frequency. The higher
switching frequencies enabled by SiC MOSFETs allow for more
compact resonant tanks.

FIGURE 17 DC/DC Converter LLC resonant tank components as a
function of switching frequency.

4.3 Junction Temperature Simulations

Junction temperatures have been estimated by using the
datasheet-provided transient thermal impedances to generate
thermal networks for each device. Figure 18 shows the loss
calculation process for the EV charger where the turn-on, turn-
off and conduction losses of the devices itemised in Table 1 are
added into the total losses and used to compute the junction
temperature. Figure 19 shows the simulated junction temper-
atures for the silicon IGBT/SiC SBD devices in the Vienna
rectifier in comparison with the SiC MOSFET/SBD. Figure 20
shows the simulated junction temperatures of the devices in the
DC/DC converter. It can be seen for both the rectifier and the
DC/DC converter that the SiC MOSFETs have lower junction
temperatures even though they are operated at higher switching
frequencies. This is due to the lower switching losses in the SiC
MOSFET.

5 Results and Analysis

A 1 MW EV charging station is simulated. The peak current
demand based on 1 MW charging power is used to determine the
number of parallel devices in the simulations since the current
conduction capacity of the discrete devices cannot be exceeded.
On the primary side of theMVDC-basedDC/DC converter shown
in Figure 5(A), 3.3 kV/46A SiCMOSFETs are used due to the high
voltages. On the secondary side of the DC/DC converter, due to
the high currents needed by the EV battery, a 1.2 kV/395 A SiC
MOSFET module is used (datasheet reference is in Table 1).

Figure 21 compares the simulation results of the power losses
in the Vienna rectifier in the conventional 400 V AC charging
system with those of the MMC converters in the 54 kV MVDC
system. As a total charging power of 1 MW is assumed for
the EV charging station, this breaks down to twenty-five EV
chargers rated at 40 kW each. For the MVDC system, all the
rectification is aggregated at the 33 kV bus on the sending end.
The converters are simulated with losses from devices in Table 1
for technological comparison. Simulated losses for the MMC
converters implemented in 3.3 kV SiC MOSFETs and 6.5 kV
silicon IGBTs are also presented.

The results shown in Figure 21 using the SiC-based 29-level MMC
converter yield the lowest losses. This is due to the improved

8 of 12 IET Generation, Transmission & Distribution, 2025

 17518695, 2025, 1, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.70092 by Sheffield H

allam
 U

niversity, W
iley O

nline L
ibrary on [03/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



FIGURE 18 Loss calculation process for Rectifier and DC/DC converter.

FIGURE 19 Simulated junction temperature as a function of
switching frequency for the devices in the Vienna rectifier.

FIGURE 20 Simulated junction temperature as a function of
switching frequency for the devices in the DC/DC converter.

conduction and switching performance of SiC MOSFETs over
IGBTs and the reduced switching frequencies inherent in MMC
operation compared to Vienna rectifiers that operate at high
switching frequencies. However, it should be noted that this
converter will be significantly more expensive than the other
solutions. The results in Figure 21 are important because it
demonstrates that a single 1MWMMC rectifier used in anMVDC
system to convert all the energy required for the EV charging
station is more efficient than twenty-five 40 kW Vienna rectifiers

FIGURE 21 Loss simulation for the rectifiers.

FIGURE 22 Loss simulationMMCbasedDC/DC converter primary
side.

in the traditional system. This analysis does not include the
transmission losses related to the cables and the transformer
losses in both transmission systems.

When considering which MMC variant to use for the MVDC-
based EV charger, a choice must be made between the single-leg
MMC topology shown in Figure 5(A) and the two-leg topology
shown in Figure 5(B). The advantage of the single-phase leg
topology is fewer power devices, while the advantage of the two-
phase leg topology is increased modularity. Simulations have
been performed on both variants to compare the losses. Figure 22
shows the loss comparison of both variants, demonstrating that
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FIGURE 23 Loss simulation for the DC/DC converters.

the full-bridge configuration has less losses. The reduction in
losses in the full-bridge topology is due to the smaller arm current
resulting from the higher arm voltage (therefore the 𝐼2𝑅 losses are
lower). However, this loss reduction is not consequential because
of the much higher secondary side losses.

Figure 23 shows the loss simulation results of the DC/DC conver-
sion stage for the EV charger working from the AC transmission
system and that working from the MVDC system. The losses
include the conduction and switching losses of the primary side
transistors as well as the total loss of the secondary side rectifiers.
For the converter connected to the 400 V AC system, the SiC
MOSFET-based converter is simulated with a 100 kHz switching
frequency, while the Si IGBT-based converter is simulated with
11 kHz (due to limitations of the switching speed of silicon IGBTs).

This means that the SiC-based DC/DC converter will be sig-
nificantly more compact since the isolating transformer will be
significantly smaller.

The fundamental frequency used in the MMC-based DC/DC
converter will determine the size of the isolation transformer;
hence, in applicationswhere space is limited, higher fundamental
frequencies can be used, however, at the cost of higher switching
losses (since the switching frequency will increase with the fun-
damental frequency). The MVDC converter on the primary side
of the isolated DC/DC converter uses a fundamental frequency of
1 kHz to minimise the size of the isolating transformer. Again,
the results show that the 29 level SiC based MMC converter
demonstrates the best performance as it exhibits the lowest total
losses. The 17 level MMC based on Si IGBTs exhibits significantly
higher losses due to the switching losses of the Si IGBTs and the
reverse recovery losses of the diode rectifiers in the secondary
side. As there are no commercially available 6.5 kV SiCMOSFETs,
the 17-level converter can only be implemented in Silicon IGBTs.
Figure 24 compares the efficiencies of converters in the AC and
MVDC transmission systems. Figure 24 shows that the MMC-
MVDC charging system is only more efficient than the existing
AC system if SiC MOSFET technology is used.

6 Conclusions

This paper has proposed MVDC transmission technology as a
preferable option for EV chargers over the conventional AC trans-

FIGURE 24 Efficiency comparison.

mission system since it avoids the bottleneck of the lower voltage
distribution transformers. Using electrothermal simulations of
power converters inMATLAB Simulink coupledwith experimen-
tally measured device losses, it has been demonstrated that EV
chargers based on MVDC-MMC transmission systems provide
the best performance in terms of efficiency when implemented
using SiC MOSFET technology. A 54 kV MVDC system for a
1 MW EV charging station was simulated using a 29-L MMC
converter based on 3.3 kV SiC MOSFETs and compared to a
17-L MMC converter using 6.5 kV silicon IGBTs. This MMC-
MVDC system is compared to EV chargers based on Vienna
rectifiers and soft-switched DC/DC converters connected to the
400 V AC mains. The results show using MVDC transmission
only yields better efficiency performance compared to the existing
AC system when implemented in SiC MOSFET technology,
which can yield significantly reduced switching losses at higher
switching frequencies.
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