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Abstract

This paper presents an application of modular multilevel converters to remove line-frequency transform-
ers from ultrafast charging stations, reducing cost and volume. The converter analysis with full-bridge
sub-modules enables an operating region that converts a medium-voltage grid into a lower voltage DC-
bus, ideal for charging batteries rapidly.

Introduction

Due to the required power levels of 500kW and above, ultrafast charging stations for large transportation
commonly require a connection to the medium-voltage (MV) grid to charge electric vehicle (EV) bat-
teries. Most applications use a line-frequency (LF) step-down transformer (Fig. 1a) to provide isolation
and lower the voltage [1]. However, it is convenient to apply instead medium-frequency transformers
because it may lead to substantial volume reduction.
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(a) Charger with line-frequency transformer. (b) Proposed charger.

Fig. 1: Ultrafast charging station architectures.

High-power chargers are an enabling technology for electric transport. In many publications related to [2,
3], it is proposed to replace the line-frequency transformer with cascaded H-bridge converters. Another
alternative, the modular multilevel converter (MMC) has been widely implemented in high-voltage direct
current (HVDC) systems [4-7], but it is also suitable in MV applications. Although it can connect a
MYV grid to a lower DC-bus voltage, MMCs are normally employed to generate a high-voltage DC-bus,
requiring many input-series and output-parallel DC-DC converters with medium-frequency transformers



to step-down the voltage for battery connection and isolation purposes [8]. Therefore, this paper explores
the possibilities and challenges of using a MMC to interface a MV grid and to a lower voltage DC-bus
(Fig. 1b), so that the isolation stage can be designed for a lower voltage and optimized for a fixed voltage
ratio, enabling soft-switching over the entire operating range [9].

Modular multilevel converter

Proposed in 2002 [10], the MMC (Fig.2) is generally applied for high-voltage and high-power conver-
sion, because of its modularity, output voltage quality, and high efficiency. Its configuration is scalable to
different voltage and power requirements. Moreover, the voltage across semiconductors is reduced since
sub-modules (SMs) are connected in series, and its modularity allows redundancy [11].
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Fig. 2: Three-phase modular multilevel converter with full-bridge sub-modules.

As can be seen in Fig. 2, each converter phase leg has two arms: a lower and an upper arm. The
arms have a number (N) of series-connected SMs, which consist of a full-bridge (FB) converter with a
capacitor. While an MMC based on half-bridge (HB) SMs can only generate a DC-bus voltage higher
than the maximum rectified value, a converter based on FB SMs can provide a DC-bus voltage lower
than the AC voltage amplitude [12].

Fundamentals

The FB SMs can be represented as controllable voltage sources [11]. Therefore, to simplify the converter
analysis, these voltage sources are used instead of switches and capacitors. Furthermore, since the three
legs operate identically, the analysis will be performed for a single-phase.

Full-bridge sub-modules

As the converter may have many sub-modules, it is desirable to simplify the analysis using convenient
definitions. The k" sub-modules’ switching function is represented by S)y‘ « € {—1,0,1}, with arms rep-
resented by x € {u, ¢} and grid phase expressed as y € {a,b,c}. 7

The currents that flow in the equivalent circuit of a single-phase MMC, presented in Fig. 3, are the upper
(z;l,) and lower (lf;) arm currents, and grid current (7). In addition, the voltage sources in the circuit are
denominated as the upper (u;‘,) and lower (uﬁ) arm voltages, together with grid (u,) and the DC-bus (Uy)
voltage.

Applying Kirchhoff’s Voltage Law in the upper and lower loop in Fig. 3 results in

d d
Loty R = )+ uy — Uy, (1) Lot R = ul —uy = Ug. 2)

For the purpose of analysis it is convenient to split the circulating arm currents into components, namely,
common-mode current (1}2,) and differential-mode current (zyA,), as



Fig. 4. Decoupled model of the single-phase
FB MMC.

Fig. 3: Equivalent circuit of the single-phase
FB MMC.
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Similarly, it is also favorable to split the arm voltages into common-mode voltage (ufﬁ) and differential-
mode voltage (u}A,), as

W= % (s +). 5) Wb = % (). (©)

Many MMC analyses are performed using HB SMs [11, 13]. In this paper, the dynamic analysis of the
MMC will be evaluated using FB SMs. Therefore, adding and subtracting (1) and (2), and substituting
4), (3), (6), and (5) yields

d d
Lty +Riy =ty = Uy, (7 Lty +Riy =+ uy. (®)

With (7) and (8), it is possible to describe an equivalent circuit model for the FB modular multilevel
converter as exhibited in Fig. 4, which shows that the controllable voltage sources used to control the
operation of a MMC arm, have an AC (—u}A,), and a DC (u}z,) component, resulting in a decoupled model
description.

The voltages across the MMC arms uy and uf are the sum of both voltage components, as presented
in Fig. 5. The ripple voltage in uy): is small in comparison with the DC and AC voltages, so it has a
low influence on the arm voltage waveform. The upper arm voltage in Fig. 5 shows the MMC in the

operating region c (Fig. 6), which can be performed by both HB and FB SMs.

The operating region in which the grid voltage amplitude (ﬁy ~ ﬁyA) is higher than the DC-bus voltage
(Uy) is highlighted by triangle b (Fig. 6). So, region b is an advantage of using FBs instead of HBs
in MMC sub-modules because it allows the connection of a MV grid with a lower voltage DC-bus. In
addition, the operating regions presented by triangles a and ¢ in Fig. 6 are commonly used to operate the
MMC during DC-side faults and to produce a high-voltade DC-bus, respectively [14, 15]. Note that the
total capacitor voltage (vy), defined in section , is composed by both U, and ﬁyA.
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Fig. 6: MMC operating regions with HB and FB

Fig. 5: MMC upper arm voltage (uy) and its re-
SMs.

lation to the differential-mode (uﬁ) and common-
mode (1%) components.

Arm energy

The stored energy in the sub-modules of each arm is utilized to describe the common-mode and differential-
mode energies, which can be used to balance the capacitor voltages [13]. The total capacitor voltage (vy)
and total energy (&7") are given by

N
V=Y Vi ©) =Y, 5C()" (10)
k=1

The capacitors in each arm are connected in series, and assuming their voltages are balanced, the total
capacitor voltage and capacitance of each arm are

c
V’y‘?kflzv’yikzv",’kﬂ%...%NV;, (11) CG:N. (12)
Furthermore, the arm voltages and average insertion indexes of the converter can be defined as
N 1 N
;= Y Siavh (13) m= 5 L Sk (14)
k=1 k=1
Thus, the variation of the arm energy and the variation of the capacitors’ voltage are given by
d d d x__ 1 s
Eé&yx:(;gv;%v;, (15) avy = —C—Gnyly. (16)
Energy distribution

As presented in (4), (5), and (6), the energy can be presented in relation to the common-mode (é”yz) and
differential-mode (é}A) components. In a stable controlled system, the common-mode energy remains
constant and the differential-mode energy is zero while operating because it is desirable to have balanced
energy to decrease the capacitive energy storage.

F=3(5+4), a7 5 =3(5-4). as)



Therefore, (17) and (18) can be derived and replaced into (15), and with some algebraic manipulations
the variation of the common-mode and differential-mode energies are defined as

d d
E(D@’Z =— (uyzl)Z, + uﬁzﬁ) , (19) E(D@yA =— (u§z§ + uyzzﬁ) . (20)

The equations above are used for energy balancing control of the MMC as presented in [11].

Averaged equivalent circuit

Finally, to simplify the analysis of the converter, it is possible to approximate the behaviour of the MMC
using an averaged equivalent circuit [16]. The model is useful to simulate the MMC without modulation
and individual capacitor voltage balancing, as shown in Fig. 7.
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Fig. 7: Averaged equivalent circuit for a single-phase MMC.

Since the capacitor voltages are assumed to be equal for every module in the arm, the arm voltages and
capacitor currents can be steered by an average insertion index as

d
Uy = nyvy, 2D Iy = —CGEV; = nyty. (22)
Efficiency

An estimation of the charger efficiency can be determined by considering first the switch conduction
losses. The required minimum number of SMs per arm and a practical maximum voltage level for
application purposes are given by

U,+U
N = {y\/ﬂ , (23) Vg = VyDp. (24)
Sw

where V4, and Df are the semiconductor device breakdown voltage and derating factor, respectively.
Switching losses may be disregarded when considering 1.2kV SiC MOSFETs. The arm current and total
conduction losses of the converter are given by

=/ (1) + (12), (25) Ploss = 4RasN(I} ). (26)

With (26), the power efficiency can be estimated on the basis of the nominal processed power.



Simulation results

Equations (7), (8), (19), (20), (21) and (22) allow to control the MMC such that a lower voltage output
can be derived directly from a MV grid based in [11]. Thus, simulations were conducted with the main
circuit parameters described in Table 1. Fig. 8 shows the resulting efficiency as a function of the DC-bus
voltage. It is possible to see that above U; = 10 kV, the conduction losses represent less than 1% of the
processed power.

Table I: Ratings of the simulated MMC with FB SMs.

Description Variable | Value | Unit
Rated active power P 1 MW
AC peak voltage Uy 25 kv
Grid frequency f 50 Hz
Arm capacitance Co 1 mF
Arm inductance L 3 mH
Arm resistance R 0.05 Q
MOSFET breakdown voltage Vs 1.2 kV
MOSFET derating factor Dr 75 %
MOSFET on-resistance Ry 20 mQ
__100
2
s 95t
9
@ 90}
v
£
w85 . . . .
0 5 10 15 20 25

DC-bus voltage (Ug) [kV]

Fig. 8: MMC efficiency in relation to the DC-bus voltage.
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Fig. 9: Steady-state voltage waveforms.
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Fig. 10: Steady-state current waveforms.

The arm voltages presented in Fig. 9a show the offset introduced by the DC-bus voltage of 10 kV and



Fig. 9b illustrates that the total capacitor voltages in both arms are defined by the AC peak voltage and
the DC-bus voltage. In addition, Fig. 10a shows the arm currents and Fig. 10b presents the grid and
differential-mode currents in accordance with the equivalent circuit in Fig. 3, where 1, = 216.

Conclusion

Since its first appearance, the MMC has been regularly applied in HVDC. Adopting FB SMs increase
the converter’s operating region, which allows converting the voltage of a MV grid to a lower voltage
directly. This region of operation is useful for high-power battery-to-grid-applications such as the charge
and discharge of large electric transportation, presenting itself as an alternative for cascaded H-bridge
converters. Therefore, with the presented topology, a downstream DC-DC converter stage optimized for
a fixed voltage ratio containing a medium-frequency transformer can provide galvanic isolation.

Simulations show that high efficiency is achieved with a DC-bus voltage lower than the medium-voltage
grid. Moreover, the steady-state waveforms corroborate the suitability for high-power bidirectional bat-
tery chargers.
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