MMC-Based Multiport Power Converters

This paper analyzes two modular power converter concepts, based on Cascaded H-Bridges (CHB)
and Modular Multilevel Converter (MMC) topologies respectively, with special attention to the
second design. Both have common characteristics and can provide the required functionalities for
Power Electronic Transformers (PETSs). Criteria for their analysis will include aspects like number of

required cells, characteristics of the power devices, functionalities and potential uses.

Conventional Line-Frequency Transformers (LFTs) are key elements in transmission and
distribution systems to interface the different voltage levels in the grid. LFTs are a well established
technology, they are relatively cheap, efficient and reliable. However, they have several limitations,
including: voltage drop under load; sensitivity to harmonics, load imbalances and DC offsets; no
overload protection and low efficiency when operate with low load levels or no load [1].

PETSs, also called Solid State Transformers (SSTs), are envisioned as a semiconductor based
alternative to LFTs. PETs are able to provide advanced functionalities such as power flow control,
reactive power, harmonics and imbalances compensation, availability of low voltage DC (LVDC)
link and smart protection. High switching frequencies of the semiconductors also enable a significant

reduction of the volume and weight of the core material [1]-[4].

Generally speaking, PETs are expected to beat the LFTs in terms of power density and much
superior functionalities, but would be inferior in terms of cost, efficiency (full load) and reliability.
Based on this, there is a number of applications in which the use of PETs can be advantageous
compared to standard LFTs. Smart-grid applications require an efficient integration of distributed
generation and storage resources, flexible routing mechanisms, active filtering and protection
mechanism. While power density might not be a key aspect for onshore applications, it can be of
paramount importance for offshore applications [5]. Traction and subsea systems are also examples
of space-critical applications in which the improved performances and power density of PETs
compared to LFTs can be determinant [6], [7].
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Fig. 1.- 3-phase PET arrangements. a) Fully modular three-stage PET including DC link and back-to-back converters in both HV and LV
sides; b) Three-stage PET using indirect matrix converters in both HV and LV sides; c) Two-stage PET using a direct matrix converter in
the HV side and indirect matrix converter in the LV side. d) One-stage PET based using direct matrix converter. Note: LVAC port can be

either 3 wire or 4 wire.

Practically all PET topologies provide at least a high-voltage AC (HVAC) and a low-voltage AC
(LVAC) ports, therefore connecting two AC systems (see Fig. 1). It is noted that the terms HVAC
and LVAC are generic and do not necessarily correspond to voltage ranges defined in standards. The
general scheme shown in Fig. 1 can be used to realize either an HYAC/MVAC, an MVAC/LVAC or
an HVAC/LVAC transformation according to the voltage levels defined e.g. in standard IEC 60038.

PETSs topologies in Fig. 1 are seen to consist of three major blocks:

e One (or more) power-converter blocks to transform the grid frequency (low frequency) AC
voltage into a high frequency AC voltage.

e A central isolation block using a high frequency transformer.

e One (or more) power-converter block to transform the high frequency AC voltage into a low
frequency AC voltage.

A common criterion for the classification of PET topologies is the number of energy conversion
stages. PET designs using one, two or three stages have been proposed [5], [8], a fully modular three

stage approach (Fig. 1a) appears to be the most popular choice [2], [9]-[11]. This configuration



implies the use of capacitors in the DC links, but this enables a separate design and optimization of
each converter stage. Elimination of the DC link capacitors is possible but requires the use of indirect
matrix converter topologies (Fig.1b). It is also possible to reduce the number of stages to two (Fig.
1c) or one (Fig. 1d), use of direct matrix converter topologies being required in this case. Matrix based
approaches get rid of bulky and lifetime-limited energy-storing capacitors, improving therefore power
density and reliability. However, they require the use of a larger number of power devices, introduce
constraints in their optimization and complicate the control and protections [5], what has prevented

their wide industrial application [12].

One further advantage of the three-stage design shown in Fig. 1 is the presence of DC links both
in the HV and LV sides, enabling the inclusion of LVDC and/or HVDC ports in the PET. The
resulting multiport topologies can provide additional functionalities, e.g. connection to HVDC
transmission systems or the integration of energy storage devices or distributed energy resources
(DER) [13], [14]. However, these enhancements can imply an increase of the PET complexity and

cost, which needs to be considered.

This paper analyzes two modular PET topologies, namely CHB-based PET [11] and MMC-based
PET [15], [16]. Criteria for the evaluation includes number and type of the ports provided by the PET,
number of cells and number and rating of power devices. CHB and MMC topologies are introduced
first. The resulting PET structures using both concepts are later analyzed. Finally, two examples of

application of MMC-based multiport converters are discussed: smart-grid and vessels.
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Fig. 2.- Schematic representation of a CHB multilevel converter

CHB and MMC topologies
The CHB converter is a particular case of cascaded converter, based on the series connection of

H-bridge cells. A three-phase CHB is shown in Fig. 2. The cells can produce three voltage levels:



Veell, 0 and —veen. By series connection of the N cells in each phase, 2N+1 levels for the phase voltages
and 4N+1 levels for the phase-to-phase voltages can be obtained. The implementation shown in Fig.
2 does not include a DC voltage source to supply the cell voltage. Due to this, its use would limited
to applications which do not involve active power handling, such as reactive power and harmonic
compensation. The cells capacitors are maintained at a constant target voltage (average) by the control
in this case [17], [18]. Inverter operation (i.e. power conversion between DC and AC ports) of the
CHB multilevel converter is possible by feeding each cell from an isolated DC supply, which are

normally obtained from multipulse diode rectifiers [19]
The most relevant properties of the CHB topology are:

e High terminal voltages are achieved by just serializing identical cells.

e Voltage sharing among devices is intrinsic to the design, since the voltage blocked by
each device is limited to vee.

e Allows redundancy by simply including spare cells in the legs.

e It shares advantageous features of other multilevel topologies which are derived from the
improved output voltage wave shape, e.g. reduced size of AC filters, EMI reduction and

lower switching losses thanks to the reduced switching frequency.

One distinguishing characteristic of the CHB topology shown in Fig. 2, compared to other
multilevel topologies like the Neutral Point Clamped (NPC) or Flying Capacitor (FC), is that it does
not provide an HVDC port.
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Fig. 3.- Parallel connection of two CHB modular multilevel converters

The MMC can be seen as an evolution of the CHB to provide a DC port [20], [23]-[25]. The DC

voltage vqc is obtained between the neutral point of two CHBs connected in parallel, as shown in Fig.



3. The desired DC voltage (2) is produced by adding homopolar voltage components v,; and vz to

the voltage commands of both CHBs (2) and (3). This is graphically shown in Fig. 4.

Ve = Vi — Vo
Vxl = Vxl + an

Vx2 = Vx2 + Vn2

withx=a, b, c

(1)
@)

3)

If a load is now connected between both neutrals, a DC current (igc) will flow (switch is closed at

t=ts in Fig. 4). Such DC current will add up to the AC currents (ia1; ia2), but will circulate within the

converter legs, i.e. it will not show up in the grid current i, which remains being purely AC. The grid

current i, is evenly split (ideally) between the two CHBs. The DC current igc is the so called

circulating current, and is evenly split (ideally) among all the three phases.
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Fig. 4.- Wave shapes for the power converter in Fig. 2. Homopolar voltage injection starts at t=t; and reaches its steady state value at t=to.

The switch connecting the two neutrals is closed at t=t3

While in the scheme shown in Fig. 3, the DC port is a passive load and therefore can only consume

power, the power flow in the DC link can be bidirectional.



The power balance equation of the MMC, neglecting losses and assuming that the cell capacitor
voltages remain constant, is given by (4)-(5).

P, =Vl +V i, + Vi, 4)

ac — Pdc = Vdcidc (5)

a

Fig. 5.- Modular Multilevel Converter

Rearranging the two CHBs in Fig. 3, the conventional representation of the MMC is obtained, Fig.
5. The basic equations describing the electric behavior of the MMC (6)-(9) are readily deduced from
Fig. 5, where subindexes T and B stand for the top and bottom arms of the MMC respectively [26]-
[34]. . The voltage drop in the arm inductors has been neglected for the sake of simplicity. It is seen
from Fig. 4 and (7)-(8) that both arm (and therefore cells) voltages and currents include DC and AC
components [26], [27].

Vir + Vg = Vg withx=a, b, c (6)

Vdc . Vdc
Vir :7_Vx ' VXB:7+VX (7)



xT 3 2 xB 3 2

A key aspect in the design of the MMC is the ratio between the DC and AC port voltages, which
indicates how much of the available DC bus voltage is actually used to produce the AC voltage. This
ratio is given by (9) adding triplen harmonics to the phase voltages and increases to (10) (i.e. less

margin between vy and va) if triplen harmonics are not used.

V3

Rt _ Va(peak) (9)
hi (pu) —
Vdc
2\v,
(peak)
Rnothi(pu) = Vv (10)
de

Values of R significantly lower than one means that the MMC has a large voltage margin between
its DC and AC port voltages, and therefore can operate without violating its voltage limits even in the
event of anomalies, e.g. DC voltage lower than expected, or AC voltages larger than expected. This
also opens the opportunity to implement redundancy-based fault tolerant designs [35], [36]. However,
small values of R also imply a misuse of the cells. On the contrary, values of R closer to one imply a
better use of the cells and power devices, but at the price of an increased risk of forcing the MMC to

operate without the required voltage safety margin.
Several conclusions can be reached comparing the topologies in Fig. 2 and Fig. 5:

e Because of the injection of homopolar voltages vn1 and viz, phase-to-neutral voltages in
the MMC are unipolar but of larger peak value compared to the case without injecting
homopolar voltages (see Fig. 4-c). A consequence of this is that for a given AC voltage
(Va; Vb; V) and cell voltage (Veen), the MMC requires twice the number of cells per arm,
thus, four times the number of cells compared to the CHB. This can be seen as the price
to pay to obtain the DC link.

e The voltage produced by the CHB cells must be bipolar, full bridges are therefore required
(see Fig. 2). On the contrary, the voltage produced by the MMC cells is unipolar. Hence,
half bridges can be used in this case (see Fig. 5).

e ltis finally noted that the use of full-bridge cells in the CHB design can result in a higher
current capability, as two states are now available to bypass the cell (cell voltage equal to
zero), enabling a better distribution of the losses.



A comparative analysis between the MMC and CHB topologies in terms of semiconductor

requirements, efficiency, cell capacitor sizing, etc. can be found in [37]-[38].
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Fig. 6.- CHB-based PET. For the sake of simplicity, inductors connecting the CHB to the grid are not shown
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Fig. 7.- CHB cell and DAB for the CHB-based PET
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Fig. 8.- MMC-based PET
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Fig. 9.- MMC cell and DAB for the MMC-based PET

CHB and MMC-based PETs

One of the most widely studied configurations for the three-stage PET in Fig. 1 is derived from
the CHB topology, it is shown in Fig. 6, [9]-[11], [15]. A Dual Active Bridge (DAB) DC/DC
converter is used to inject/drag power from the CHB cells. Fig. 7 shows a detailed representation of
the CHB cell & DAB. The LV side of the DABs are parallelized to form a low-voltage, high current
DC link. A conventional DC/AC three-phase power converter (controlled rectifier) is then used to
provide the LVAC port. The CHB-based PET in Fig. 6 performs an AC/AC power conversion with
galvanic isolation, similar to the LFT, but can also implement all the functionalities which are intrinsic
to the CHB (reactive power and harmonic compensation, ...), as well as control the power flow and
avoid the propagation of disturbances between the HV and LV sides.

It is possible to extend the concept used in Fig. 6 to the case of the MMC, the resulting structure
being shown in Fig. 8, [15], [16]. As in the CHB case, DABs are used to realize a bidirectional power
transfer between the MMC cells and the LV side on the converter. Fig. 9 shows in detail the MMC
cell & DAB. Other MMC-based configurations can be found in [21], [22].

The topology in Fig. 6 has two ports, performing an AC/AC transformation. On the other hand,
the power converter in Fig. 8 has three ports: HVDC, high-voltage AC (HVAC) and low-voltage AC
(LVAC). The HVDC link in the MMC-based implementation in Fig. 8 enables new functionalities
compared to the power converter in Fig. 6, but this is at the price of a significant increase in the

number of cells, and consequently of power devices, passives and auxiliary circuitry.

To illustrate the differences between the CHB and MMC-based topologies, the particular case of
a PET connecting two AC grids of 24kV and 400V respectively is discussed. This is one of the
configurations being considered within the SPEED project [39]. A cell voltage veen = 2 kV was
selected, which is equal to the DAB voltage in the HV side. The DC link voltage in the LV side is 1
kV. The DABs are designed for rated power of 10 kW.

Number of cells



The peak-to-peak phase voltage of the HVAC is 39.2 kV. The number of cells required for the

CHB implementation is given by (11), ceil standing for the next larger integer.

Ngys = ceil [V"“as—”J (11)
Vcell

The HVDC voltage for the MMC-based PET topology must be larger than this value, a HVDC of

40kV was selected. The HVAC to HVDC ratio without triplen harmonic injection in the AC voltage

iS Rnoti = 0.98. The minimum number of cells required for the MMC-based implementation is given

by (12) assumed that triplen harmonic injection is not used. The minimum number of cells if triplen

harmonic are used is obtained replacing 2 by 3 in the right side of (12). Discussion on the effects of

triplen harmonic injection in the AC voltages of the MMC can be found in [40].
[ 2-v
Ny = ceil (—"C] (12)

Table | shows the main constructive characteristics for both implementations. It is observed that
for the same HV side voltage, the MMC-based design requires four times the number of cells of the
CHB-based design. However, the number of devices for the MMC case is only double than for the
CHB case, as the second uses full-bridges while the first requires half-bridges. It is also worth to note
that the power transferred between the HV and LV sides for the MMC-based implementation is four
times the power of the CHB implementation. This is due to the fact that the DABs in both
configurations have the same ratings, but the MMC-based PET uses four times the number of cells
of the CHB case.

TABLE |I: COMPARATIVE ANALYSIS OF CHB AND MMC TOPOLOGIES

CHB-based PET | MMC-based PET
VacHv Vachv 24 kV /400 V (phase-phase, rms)
Vcell 2 kV
Nleg 10 40
Npas 30 120
Poas 10 kW
ProtaL 300 kw 1200 kw
# devices* 120 240
|ce|l—peak/|DAB \/3 2+4\/3

* Only CHB and MMC cells are considered. Does not include DABs power devices

Power devices requirements and HF transformer



There are significant differences in the requirements for the power devices in the circuits shown
in Fig. 7 and Fig. 9. In the discussion following, Type 1 devices refers to the power devices in the FB
and HB connecting the DABs with the high-voltage ports of the PETs. Type 2 and Type 3 devices
refer to the devices in the HV and LV sides of the DAB respectively.

All the devices in the HV side withstand the same DC link voltage. Consequently, they should
have the same (or similar) voltage rating albeit different commutation requirements and current
ratings. Commutation requirements for Type 1 devices in CHB and MMC cells are low due to their
multilevel nature [18], [41]. In the limit, a switching frequency as low as the fundamental frequency
can be achieved using staircase modulation, provided that the number of levels is large enough [42],
[43]. Diodes in CHB and MMC cells must conduct for relatively long periods of time, free-wheeling
diodes with low conduction losses are therefore preferred. Considering the DC link voltage of 2 kV
and the commutation requirements, 3.3 kV Si IGBT, using either Si or SiC free-wheeling diodes, are
an adequate solution.

To reduce the size and weight of the HF transformer, a high switching frequency (in the range of
several tens kHz) is desired in the DAB. For the required DC link voltage and switching frequency,
modern 3.3 kV SiC MOSFET, with a peak current of 15 A are good candidates for the Type 2 devices.

The operation of the DAB in nominal conditions provides zero voltage switching, which is needed
to achieve high efficiency with high switching frequencies. A straightforward control method for the
DAB is the phase-shift modulation (PSM). This requires a careful selection of the leakage inductance
of the HF transformer. Too low values implies non-ZVS under low loads, while too large values can
limit the maximum power [44]. This second case is more likely to occur due the isolation required
between the primary and secondary sides of the HF transformer to guarantee galvanic isolation
between the HV and LV sides of the PET. It is finally noted that, ideally, the ZVS range is not limited
for the case of an input/output voltage ratio equal to one (both referred to the same side of the
transformer). However, this is not necessarily true in practice due to the parasitic capacitances of the
switches. The main parameters of the HT transformer are given in Table 11, its design and construction

being a challenging task [45].

TABLE II: HF TRANSFORMER PARAMETERS

Rated power 10 kw
switching frequency 50 kHz
leakage inductance 950 puH
DC link voltage HV side 2kv
turns ratio 2:1
Prim.-to-second. isolation 24 kV




| Core material | CF138 |

As PSM is used to control the power transfer between the HV and LV sides of the DABs, identical
switching characteristics are desired for Type 2 and Type 3 power devices. Since the voltage in the
LVDC link is half of the voltage in the HV side, Type 3 devices should be rated for around half the
voltage and twice the current of Type 2 devices, 1.7 kV SiC MOSFET being adequate. Synchronous
rectification can be used, meaning that the requirements for the diodes are low, the MOSFET body

diode can be enough.

All the power transferred by the DAB must be delivered by the FB (13) (losses neglected). The
relationship between the peak current for Type 1 (FB) and Type 2 (DAB) devices for the CHB case is
then given by (14).

PacLv = Ppag-total = —Pachv (13)

ce._ll peak _ \/5 (l 4)

IDAB

It is noted that icenn is an AC current at the grid frequency (50 or 60 Hz typically). On the contrary,

ipas is a high frequency pulsated current, i_DAB being its average (DC) value, the DAB peak current

can be roughly approached by ip,g ea 1.30pp8-

Selection of the current ratings for the MMC-based PETS is not so straightforward. The multiport
nature of this design opens new possibilities to split the power among the three ports, which affects
to the current ratings of the power devices. Neglecting losses, the power balance in this case is given
by (15)-(16).

Pdcrv + Pacrv + Ppag-total = 0 (15)
Ppag-total = PacLv (16)

Fig. 10 shows the relationship between the MMC DC current iq, AC peak current ia peak, and arm
peak currents iceir peak (Mmc), When the DAB is transferring its rated current, i.e. Ppas-wtal IS at its rated
value. The peak current for CHB-based PET cells icen peak (cre) iS Shown for reference. Minimum
current in the Type 1 devices is obtained for Pycrv /Poas-ota = — 1, i.€. the power injected by the DAB
being entirely delivered to the DC port of the MMC. For Pgcry /Poas-wtai= 0, all the power injected by
the DABsS is delivered to the AC port. In all the other cases, the power injected by the cells is split



between the AC and DC ports of the MMC. Control strategies to achieve this are discussed in a further
section dealing specifically with MMC-based PET control.
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Table 11l summarizes the requirements for the power devices in the MMC design.

TABLE I1l: REQUIREMENTS FOR THE POWER SWITCHES

Type 1 Type 2
Switching
frequency X100 Hz X10 kHz
Transistor
current x10 X1
Diode small
current Large (dead-time)
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Fig. 11.- Schematic representation of the MMC control.
MMC control

Control of the MMC involves multiple objectives, which must be satisfied simultaneously. The
control must maintain all the cell capacitors at their target voltage. This implies to match the power
of the MMC AC and DC ports. Additional control targets can include minimization of the switching
losses, minimization of the cell capacitors voltage ripple or minimization of the harmonic content of
the circulating current [46], [47], [33]. Unfortunately, some of these targets are conflicting and must
be therefore traded-off. There is a wide literature on MMC control strategies [23], [26], [27], [31]-
[34], detailed discussion of this topic is beyond the scope of this paper. To illustrate the difficulty of
the control, a potential implementation is shown in Fig. 11. The AC power references are transformed
into d- and g-axis current references, synchronous Pl current regulators being used to obtain the
required AC voltages (AC power control block). The circulating current control block matches the
DC and AC ports power by controlling the circulating current trough the top and bottom arm voltages.
Arm voltages are then transformed into cell voltages. Modulation of the commanded cell voltages
must be combined with a sorting algorithm to avoid imbalances among the capacitor voltages [23],
[24], [34]. This is done by the balancing and modulation block in Fig. 11.

MMC-based PET control

Different approaches can be considered for the control of the CHB-based and MMC-based PETSs
in Fig. 6 and Fig. 8. If the voltage in the ports is established externally (i.e. by the grid), then a grid
feeding strategy can be used. The power transferred by the port is controlled in this case. On the
contrary, if the voltage in a port must be established by the PET, a grid forming strategy is needed.
The target of the control in this case is to maintain the desired voltage. Since the power transferred is
not controlled, some inner control loop is needed to guarantee that the current limits of the converter
are not surpassed. It is not possible to configure all the ports in the grid forming mode, as the power
balance cannot be guaranteed in this case. Consequently, at least one port must be configured in the
grid feeding mode. Independent of the strategy being implemented, the control must always maintain

the internal capacitor voltages at their target value.

As an example, two different control strategies for the MMC-based PET are briefly described
following. In the first case (Fig. 12), all the three ports are configured in the grid-feeding mode. This
means that there is full control on the power transfer among ports. In the second case (Fig. 13), LVAC

port is configured in the grid-forming mode.
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Fig. 12.- Schematic representation of a grid feeding control structure of a MMC-based multiport power converter. Variables
with superscript * indicate commanded values.

MMC-based PET with grid-feeding configuration

This configuration is shown in Fig. 12. All the PET terminal voltages (VacHv, Vdchv and Vacy) are
already present. The LVAC (PJ,, = P.,, ) and HVAC (P,,,, ) powers are commanded values, the

central control regulating Pgchv to match the power equation. The control is seen to consist of three

major blocks:

e MMC. Itis a centralized control [48]. It implements the normal functionalities, i.e. control of
the HVAC and HVDC ports currents, as well as of the cell capacitor voltages veen [26], [27],
[35]-[41].

e DAB:s. It is advantageous to distribute the DAB control in each cell, as the DABs operate
independently (even if they all receive the same power command) and at much higher
switching rates than the MMC cells [48]. The DABs connect two ports of constant (controlled)

voltages, Vceen and vgeLy, Operating therefore as a current source.

e DCI/AC converter in the LV side. It operates as a conventional controlled rectifier [49].

Commanded values for the active rectifier are the DC link voltage v, and the reactive

*

power Q..

. The control will match Pacv With Ppag-wota through the d—axis component of
iacLv, Which is required to maintain the DC link voltage vqcLy at its target value.
Fig. 13 shows the response of the control strategy in Fig. 12. Commanded values are P, and

P,as - The MMC is enabled at t=10 ms, the active power command being 100 kW (Fig. 13-a). Initially
the DABs are not transferring power, the power in the DC link of the MMC (Fig. 13-b) matching



therefore the AC power plus the converter losses. At t=0.3 s, the DABs are commanded to transfer a
total amount of 40 kW, which is supplied by the controlled rectifier in the LV side (Fig. 13-d). To
keep the power balance, the power supplied by the DC bus of the MMC is decreased in the same
amount. The active power in the controlled rectifier and the power in the DC link of the MMC are

internally controlled to balance the power.
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Fig. 13.- Simulation results. MMC-based multiport power converter with grid—feeding control. If the power has positive values, it flows
from the PET port to the grid, while if it has negative values, it flows from the grid to the PET port. a) Active power in HVAC port; b)
power in the HVDC port; c) total power injected by the DABs and active power in the LVAC port
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Fig. 14.- Schematic representation of a LV side grid forming control structure of a MMC based multiport power converter. Variables with
superscript * indicate commanded values.

MMC-based PET with grid-forming configuration



This configuration is shown in Fig. 14. The MMC-based PET must provide in this case a voltage
reference in the LV AC side, vacLv. Major control blocks are the same as in the case of the grid-feeding

configuration in Fig. 12, still some relevant differences exist:

e DAB. It now regulates the LVDC bus vgcLv. The corresponding command is received from the
central control unit.
e DC/AC converter in the LV side. It is now controlled to create the LVAC grid. The

corresponding commands for the magnitude

V;ch‘ and frequency f, of the LV grid are

received from the central control.

Uses of MMC-based multiport power converter

Potential applications of the MMC-based topologies would be those requiring a multiport power
conversion with medium/high voltage DC and AC ports. The configuration shown in Fig. 8 provides
three ports: HYDC, HVAC and LVAC. It is noted however that with relatively minor modifications
other configurations can be obtained in the LV side. Two different uses of the MMC-based
implementation are discussed following: integration of DER and/or energy storage at the cell level

and its use in vessels.

Fig. 15.- DER and/or energy storage integration in an MMC

DER and storage integration

In the configuration shown in Fig. 8, all the MMC cells are parallelized via DABs to form a full
power-low voltage DC bus. It is possible however to connect elements to the DC link of the cells,
e.g. energy storage [13] or distributed energy resources (DER) [14], as shown in Fig. 15. The



converter connecting the DER/energy storage to the MMC cell does not have to be necessarily a
DAB, but can be optimized instead for the specific needs (galvanic isolation, bidirectional power

flow, ...).

One concern for the configuration shown in Fig. 15 are imbalances in the power being transferred
by each cell of the MMC. Existing control methods for MMCs assume that all the cells have identical
design and operate identically, meaning that both DC and AC components of the overall voltages in
(7) are evenly split among cells. However, imbalances in the power transferred by the cells (e.g. due
to panels receiving different solar radiation, or batteries operating with different states of charge) will
necessarily result in imbalances among the cell voltages, as the current is common to all the cells in
each arm. This is illustrated using the MMC-based PET prototype shown in Fig. 16. Fig. 17 shows
the wave shapes for the MMC AC port and the DC link voltage of two cells during normal (balanced)
operation. Fig. 18-left shows the DC component and the magnitude and phase of the AC (50 Hz)
component of the cells voltage for the top arm, both for the case when the cells do not transfer power
(conventional MMC) and when one cell per arm transfers power. Bottom arm behaves similarly and
is not shown. The power transferred by the cells Pce is 20% of the AC power P4 The imbalance in
the power transferred by the MMC cells is seen to produce an imbalance in the cells voltages. Fig.
18-right shows the power in the DC and AC sides of the MMC, as well as the power transferred by
the cells. The MMC is controlled to maintain constant the power in the AC side, meaning that power

transferred by the cells is reflected in the power in the DC side of the converter.

a) MMC front view



b) MMC cell (HB, left) and DAB (right), including the HF transformer

Fig. 16.- Down-scaled prototype with four cells per arm

0 25 50 75 time (ms)

Fig. 17.- Experimental results. Top: AC output voltage of the MMC; Mid: top-arm, bottom-arm and AC output current of the MMC;
Bottom — DC link voltage for cells 1 and 8.
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Fig. 18.- Experimental results. Left: DC and AC component of the cell voltage (only results for cells #1 to #4 shown); right: DC, AC and

cells power without/with cell power transfer. Pac remains constant when the cells transfer power.

Depending of the type asymmetry in the power (i.e. asymmetric among phases, arms or cells),
different types of imbalances can occur in the cell voltages and in the HVAC port voltage [50], [51].
While in the case shown in Fig. 18 the system was stable, power imbalances can force to certain cells

to reach their voltage limits. This will occur when the commanded voltage for a cell is <0 or >Veen. If



this occurs controllability would be lost. Control strategies able to cope this situation should therefore

be implemented if this condition is foreseen [51].

Use of the MMC-base multiport topology in vessels

Large vessels require complex electrical power systems, which must combine a large variety of
main and auxiliary generation units, loads and storage systems, with powers that can go up to several
tens MWSs. The concept of Green Port aimed to reduce pollution when the vessel is at port, implies
the integration of storage systems (e.g. batteries or flywheels) with their corresponding power
converters. On shore power supply can be either low voltage (400-700 V) or medium voltage (6-11
kV).

Traditional Power Systems for large commercial vessels are characterized by a Medium Voltage
AC (MVAQC) distribution, which is supplied by diesel-generator sets. Medium Voltage DC (MVDC)
is considered a promising technology to improve the power system performance [52], [53]. The IEEE
Standard 1709 establishes 6, 12, 18, 24 and 30 kV as the preferred MV DC levels for future vessel
designs [54]. Compared to MVAC distribution, MVDC has several well known advantages:

e No need for phase angle synchronization of sources thus simplifying connection and
disconnection of different devices

e Reduction of the size and ratings of switchgear and cables and elimination of bulky low
frequency transformers

e Improved fault management and system reconfiguration

e Elimination of reactive current

e Removal of frequency constraints from the design and operation of generator sets
Still AC distribution systems have two major advantages over the DC option:

e Conventional transformers require AC voltages

e Circuit breakers are dramatically less expensive for AC than for DC

Connection of such variety of sources and loads in a flexible, controllable and reliable manner
requires the intensive use of electronic power converters. Fig. 19 shows a schematic representation
of the future onboard grid based on MVDC [53], in which large generators (power by e.g. diesel
engines or gas turbines) and propulsion motors coexists with a variety of distributed resources. The
need of a MVDC link makes the MMC-based multilevel power converter a candidate able to cope

with such requirements.
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Conclusions

CHBs are one of the most widely studied configurations for the three-stage power electronic
transformers (PET). It is possible to extend the concept to MMC topology. The resulting MMC-based
topology features multiport capabilities, intrinsically providing an HVDC port. However, to
withstand the same voltage in the HV ports, MMC-based implementation requires four times the
number of cells and double number of power devices compared to their CHB counterparts. Power
devices requirements, modes of operation and control strategies have also been discussed. Examples
of applications in which MMC-based multiport topologies can be advantageous include integration

of low voltage DER and/or energy storage in HVDC systems, and power systems in vessels.
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