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Medium Voltage DC (MVDC) distribution Power Systems for all-electric ships (AES) can be regarded as func-
tionally composed of three subsystems, namely the power sources, the load centers and the distribution network.
Extensive use of power electronics is required for connecting power sources and load centers to the MVDC bus
and for protecting the MVDC power system through properly placed DC circuit breakers. In this paper, an
overview is given of the power electronics equipment found in the literature and on the market that could be

suitable for use in future AES MVDC power systems. Some industrial experiences regarding DC generator sys-
tems, energy storage apparatus and solid-state DC circuit breaker prototypes are reported in the paper as ex-
amples of state-of-the-art realizations. Different DC/DC converters, which can be employed as solid-state
transformers, are also discussed and a structure obtained by combining them is proposed.

1. Introduction

Nowadays, the development of power electronics has reached a
level that encourages designers to consider the feasibility of DC-dis-
tribution power systems in various forms and application fields [1,2].
Some companies offer proven solutions for High Voltage DC (HVDC)
transmission systems [3-5]. However, at present few Medium Voltage
DC (MVDC) power systems exist and most of them are in a prototyping
or experimental stage [6], therefore in this market sector no or very few
ready-to-use solutions can be found yet. Nevertheless, both public re-
search centers and R&D units of leading private companies are working
in this direction [7-14].

A leading sector for the study and experimentation of MVDC power
systems is the marine sector [15], where important investments have
been and are being made to develop this technology [16]. At present
the Integrated Power System (IPS) [17,18] of largest commercial ves-
sels is characterized by a Medium Voltage AC (MVAC) distribution. A
promising solution to improve IPS performance relies on moving from
MVAC to MVDC power systems [19,20].

Compared to its MVAC counterpart, MVDC distribution has several
advantages [21-24] such as:

® no need for phase angle synchronization of power sources, which
simplifies connection and disconnection procedures for power

generation and storage devices of different type and size;

o reducing the size and ratings of on-board switchgear and cables and
elimination of bulky low frequency transformers;

e improved management of fault currents, system reconfiguration and
power flow in transient and emergency conditions;

e enhanced efficiency thanks to the elimination of reactive current
and to the possibility of variable speed prime mover operation;

e removal of frequency constraints from the design and operation of
generator sets [25], leading to size and weight reduction for gen-
erators and reducing the running cost gap between gas turbines and
diesel engines. This can make it more affordable to use gas turbines,
which are known to produce much less polluting emissions than
diesel engines [26].

Nevertheless, MVDC power systems pose several technical chal-
lenges [22-24,27], such as system protection [28] and network stability
[29,30], and further development of industrial equipment for MVDC
applications is needed in order for the transition to MVDC shipboard
power systems to become a significant reality [31].

Actually, the convenience to use a MVDC distribution depends on
the availability of three key components: reliable and efficient power
sources, high power DC/DC converters with acceptable cost and effi-
ciency to be employed as Solid State Transformers (SST) [32] (namely
power converter systems serving the same purpose as power
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Nomenclature

HVDC  High Voltage Direct Current

MVDC  Medium Voltage Direct Current
MVAC  Medium Voltage Alternating Current
LVDC Low Voltage Direct Current

LVAC Low Voltage Alternating Current
SST Solid State Transformer

AES All-Electric Ship

IPS Integrated Power System

CB Circuit Breaker

WRSM  Wound Rotor Synchronous Machine
PMSM  Permanent Magnet Synchronous Machine
VSC Voltage-Source Converter

NPC Neutral-Point-Clamped

MMC Modular Multilevel Converter

MMDC  Modular Multilevel DC/DC Converter
PETT Power Electronic Traction Transformer

transformer in AC grids, i.e. to adapt voltage levels and ensure galvanic
isolation) and protection systems against short circuits, which are much
more critical than in AC systems mainly because it is not possible to
take advantage of zero crossings for current interruption [33].

Unlike their MVAC counterpart, MVDC power systems require the
extensive use of power electronics to connect power sources and loads
to the MVDC bus and to provide system protection. In particular, the
employment of power electronics equipment in MVDC power systems
of All-Electric Ships (AES) is required for: (1) rectifying the AC gen-
erator output voltage and realize the shore power interface, (2) con-
necting the energy storage systems to the MVDC distribution system,
(3) supplying the large MV loads, namely propulsion drives, pulse loads
and dedicated high power loads, (4) connecting the low-voltage ship
service units to the MVDC bus by means of SSTs, (5) realizing fast solid-
state and hybrid DC circuit breakers (CB).

Main requirements for the above mentioned power electronic
equipment are dependability, functional safety [34,35], compact design
and high efficiency [21]. Fulfilling these requirements is becoming
more feasible today thanks to the advances in power electronics sui-
table for shipboard applications [36]. As an additional specification,
power converters should have fault current limiting capabilities [21] in
order to support system protection and therefore limit the number of
DC CBs. Furthermore, power converters connecting loads or power
sources with independent grounds to the MVDC bus are required to
include a high frequency transformer [21].

In this paper, an overview is given of the power electronics equip-
ment found in the literature and on the market that could be suitable for
employment as parts of a future AES MVDC power system. The paper is
mainly focused on power electronics equipment tailored to the specific
requirements of shipboard MVDC power systems. A particular attention
is paid to DC power sources, SSTs and DC CBs, which are key elements
requiring a specific design. Some industrial R&D experiences with DC
power generator systems, energy storage systems and solid-state DC CBs

are reported in the paper. Different DC/DC converters found in the
literature to be employed as SSTs are discussed and a SST layout ob-
tained by combining some of the main described structures is proposed.

In more detail, the paper is organized as follows. Section 2 is de-
voted to the organization of the MVDC power system into functional
blocks. Power electronics equipment for the power sources, the load
centers and the distribution network, are respectively addressed in
Section 3, Section 4 and Section 5; the latter Section also outlines the
system protection issues and technologies. Finally, Section 6 is devoted
to the conclusions.

2. Functional MVDC blocks and related power electronics
equipment

According to the functional MVDC block diagram drawn in [21], the
MVDC power system of an AES is composed of three subsystems, each
devoted to a specific operation, namely: production, distribution and
utilization of the electric energy. Such subsystems are named respec-
tively power sources, load centers and distribution network. Each
subsystem includes one or more functional blocks. A simplified block
diagram of the MVDC power system is shown in Fig. 1.

According to [21], the complete diagram includes also the control
blocks, but they are omitted here. The number of functional blocks is
not necessarily limited to the ones shown in Fig. 1.

Each functional block includes the equipment providing the main
function (i.e. rotating machines for power generation, batteries, ro-
tating machines for propulsion, etc.) and DC/AC, AC/DC or DC/DC
power converters (as it is shown in Fig. 1), which connect the equip-
ment to the MVDC bus. The MVDC bus can be itself considered a
functional block that includes also power electronics equipment,
namely solid-state and hybrid DC CBs.

Next, all functional blocks with the relevant power electronics
equipment will be addressed in a dedicated Section.

DISTRIBUTION Fig. 1. Simplified functional MVDC block diagram highlighting the
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[T e R Sttt I e 1 cording to [21]).
I I : I :
|
: : : ; : p Propulsion :
: : 'l mvbc B = P |
|
| Power = ! | bus ! : :
|| Generation =[] I |
1 I [ !
1 I [ e Ship |
: | : i - service | |
I — ~ I [ !
| Energy = > I : | :
| Storeee - — : i : | Dedicated :
- I ! — =
| ] / E ! High Power | |
| Sa = |
| Shore - ! | ! : Load i
| Power /| 1 Solid-state | i | |
1| Interface = : | DC : I :
: I : breakers || 1 = Pulse |1
! H i = Load ||
| I [ |
| [ [ |
| | [ |



S. Castellan et al.

A

Fig. 2. Scheme of a DC generator system composed of a double three-phase would rotor
synchronous machine connected to the DC grid by two series-connected diode bridges.

3. Power electronics equipment for power sources

The “power sources” subsystem is composed of functional blocks
performing three functions, namely power generation, energy storage
and shore power interface. The power generation functional block and
the shore power interface functional block are connected to the MVDC
bus by an AC/DC converter system. The energy storage functional block
is connected to the MVDC bus by an AC/DC or a DC/DC converter
system, depending on the type of storage device.

3.1. Power generation functional block

The main requirements for power generation systems of ships are:
(1) output voltage control, (2) fault tolerance, (3) safety, (4) volume
minimization.

MVDC power systems of AESs are isolated DC networks requiring a
control system able to ensure voltage stability and power flow control
[29]. Power generation systems are necessarily involved in the network
control and should thus be able to control their output voltage ac-
cording to the network demand.

Electric power systems of AES are safety critical systems requiring a
high level of dependability. Among the dependability enforcement
techniques there is fault tolerance [34], especially applied to the elec-
tric generators, which are crucial for electric power system surviva-
bility. Effective methods to pursue fault tolerance in shipboard gen-
erator design are reviewed in [37]. They particularly rely on the
segmentation of stator active part into independent units connected to
different rectifiers, according to a modular design that enables gen-
erator service continuity at reduced power in case of fault on a stator
module.

An essential need in a ship is safety of systems, namely the avoid-
ance of faults causing the damage of other systems, people or en-
vironment. For instance, capacitors are considered critical elements,
since their fault may result in dangerous explosion and ignition events.
Therefore, it is better to minimize employment of capacitors and, when
it is necessary to use a capacitor, it has to be properly protected in order
to avoid that its possible explosion may seriously damage the
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surrounding environment. As it will be explained later, an option of
capacitor-free generation system is based on the employment of cur-
rent-source SCR-based rectifiers.

Owing to the limited available space onboard, an important feature
of all systems in a ship is their reduced volume. As a consequence,
volume minimization is an important goal to be pursued when de-
signing an electric power generation system for a ship. An effective way
to minimize generation system volume is the employment of high-speed
machines as prime movers and electric generators. In fact, as widely
discussed in [38], raising the speed of the rotating equipment makes it
possible to lower its rated torque and, hence, its volume.

The above listed demands and specifications have to be taken into
account when choosing or designing power generation systems of
MVDC shipboard power systems.

Power supply for shipboard power systems can be provided by an
electric generator driven by a prime mover or a fuel cell. However,
except for air-independent propulsion of submarines [39], the former
solution is preferable at the moment, while several challenges will have
to be addressed before fuel cells can be considered a valid alternative
[401].

Excluding the employment of DC machines, owing to their well-
known drawbacks related to commutator, brushes and sliding contacts,
MVDC power systems require AC/DC converters to interface AC ma-
chines with the DC grid of the distribution network subsystem. Possible
kinds of AC/DC converters suitable for this task are: (1) diode rectifiers,
(2) thyristor phase-controlled rectifiers, (3) DC/DC converters cascaded
to diode rectifiers, (4) PWM force-commutated rectifiers. In the fol-
lowing each of these solutions will be discussed.

The easiest solution is the employment of a diode rectifier if voltage
regulation is possible by means of the excitation control of synchronous
machines [41,42] or hybrid excitation synchronous machines [43,44].
This solution has many positive features such as simplicity, reliability,
efficiency and low cost. However, short circuits at its output terminals
cause large peak fault currents, which require an accurate knowledge of
short circuit behavior of diode rectifiers in order to perform a suitable
sizing of the system and its protections. For this purpose, in [45] models
for simulation of DC generator systems with 6-pulse and 12-pulse rec-
tifiers are implemented and validated by experimental tests.

In [45], the short circuit tests are carried out on an experimental
setup composed of a reconfigurable 21 kVA, 50 Hz multiphase syn-
chronous machine. In some of these tests the machine supplies two
three-phase series-connected diode bridge modules, as shown by the
circuit diagram in Fig. 2. In the double three-phase configuration the
nominal voltage of the machine is 380 V; as a consequence, the nominal
output DC voltage V, is 1kV. Some short circuit tests are carried out
closing a switch connected between terminals P (positive) and 0 shown
in Fig. 2. An example experimental recording of the voltage V, and of
the current i, as a short-circuit test result is shown in Fig. 3. The test is
performed setting the no load output DC voltage V, at about 30% of its
nominal value. Results of the test show that the short circuit current is

Fig. 3. Effects of an experimental short circuit test at the

output terminals of one diode bridge of a DC power generator
composed of two series-connected diode bridges fed by a
double three-phase synchronous machine: (a) recorded cur-
rent, (b) recorded voltage.
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Fig. 4. Scheme of a DC power generator composed of a quadruple three-phase PMSM
connected to the DC grid by four series-connected converters constituted by a DC/DC
converter cascaded to a diode bridge.

affected by a high peak which would be much higher if the no load
voltage were the nominal one. The voltage too exhibits a high peak
occurring immediately after the short circuit and, after that, it oscillates
decaying to almost zero. In fact, also the voltage V4. decreases at
steady state due to the demagnetizing action of the short circuit current.

In [42] a full-scale prototype of a 3000-V, 2-MW on-board DC power
generation system for the Italian Navy is presented. The system, sket-
ched in Fig. 2, is composed of a 4-pole high speed Wound Rotor (WR)
double three-phase Synchronous Machine (SM) coupled to a 22,500-
rpm gas turbine by a gearbox, reducing the speed to 6300 rpm. The
1.2kV AC machine is connected to the DC grid by two series-connected
diode bridges, each one supplied by one of the two three-phase stator
windings of the machine.

The prototype was designed in order to meet the main requirements
for power generation systems of ships, outlined at the beginning of this
subsection. Output voltage control is allowed by the excitation control
of the WRSM. Fault tolerance is enhanced thanks to the presence of two
three-phase stator windings and their relative diode rectifiers. Absence
of filtering capacitors ensures a high level of safety. The system design
pursued volume minimization through power density increase by the
employment of a relatively high-speed generator and turbine.

In [42] waveforms can be found showing the simulated MVDC
output voltage and current in steady state condition both in normal and
faulty operation and the simulated and experimental MVDC output
voltage and current subsequent to a load release and a load insertion.

Diode rectifiers can be employed also if the machine voltage reg-
ulation is not feasible. In [46] a system is proposed, built up as a re-
duced scale laboratory prototype, constituted by an induction generator
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interfaced with DC loads by a diode rectifier. However, the induction
generator requires an excitation system connected in parallel to its
output terminals. In [46] the excitation system is composed of a ca-
pacitor bank and a reduced-size active power filter, able to both reg-
ulate the system output voltage by reactive power control and filter the
harmonic currents, thus enhancing the machine efficiency.

An alternative to diode rectifiers is constituted by thyristor recti-
fiers. Besides the advantages which can be also found in diode rectifiers,
i.e. high reliability, high efficiency, relatively low cost and long-time
established technology, they add fault current control capability [47]
and output voltage control. Also, current-source SCR-based converters,
which employ DC link reactors, offer an interesting capacitor-free to-
pology and their adoption should be considered in all cases where fast
switching or high dynamics control performance do not make the
choice unfeasible.

Taking advantage of the possibility to control the DC voltage,
thyristor rectifiers could be theoretically used together with AC ma-
chines which do not allow for terminal voltage regulation, i.e. induction
and permanent magnet generators (the latter being particularly at-
tractive due to the almost null rotor losses and the possibility to get rid
of external excitation systems). However, the DC voltage control
through a thyristor rectifier would imply the absorption of a variable
amount of reactive power, which cannot be supplied by a PMSM or an
induction generator. Hence, it would be necessary to add some kind of
reactive power generator, such as, for instance, a force-commutated
DC/AC converter. The resulting configuration would be definitely re-
dundant because the forced-commuted converter would be sufficient to
control the terminal voltage [48], thus making it possible to use a
simpler diode rectifier instead of the thyristor rectifier. In fact, to the
best of authors’ knowledge, no DC generator system employing a
thyristor rectifier together with a PMSM or an induction generator can
be found in the technical literature.

One more possible solution relies on the use of an AC/DC converter
system composed of a DC/DC converter, such as a chopper, cascaded to
a diode rectifier [41,38]. This solution allows for fault current limiting
[49,50] at the DC bus terminals and better voltage control with respect
to solutions employing diode rectifiers [41]. Moreover, it can be used
together with a PMSM [38] to build up a reliable, efficient, small size
DC generator system with fast voltage control.

As an example, [38] presents a second more technologically-ad-
vanced (compared to the one in [42]) full-scale prototype of a 3000-V,
2-MW on-board DC power generation system for the Italian Navy. Its
block scheme is sketched in Fig. 4. Also in this case a 4-pole high speed
machine is driven by a 22,500-rpm gas turbine. However, the machine
is a quadruple three-phase 620 V PMSM and it is directly coupled to the
gas turbine.

Each three-phase stator winding of the PMSM supplies the power
electronics unit shown in Fig. 5, composed of a bidirectional chopper

Fig. 5. Circuit scheme of a power electronics unit (L = 200 pH,
C; = 1600 pF, C, = 1000 pF) for the PMSM solution.
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cascaded to a diode bridge.

The power switches of the chopper are 1200-V 600-A IGBTs. The
switching frequency is 6 kHz. The nominal output voltage and current
are respectively 750 V and 500 A.

In case of heavy abrupt load reduction, the dc-link voltage is al-
lowed to increase up to the maximum value of 1500V, thanks to the
circuit structure of the chopper, where the input voltage is sustained by
two series connected IGBTs. Finally, an input LC filter and an output LC
filter complete the chopper scheme.

Also this prototype (like the one in [42]) was designed in order to
meet the main requirements for power generation systems of ships,
outlined at the beginning of this subsection. In this case, a higher-end
technology is adopted compared to [42] to further optimize the design
in view of its MVDC shipboard application. Very fast output voltage
control is allowed by the chopper of the power electronic unit shown in
Fig. 5. A very high level of fault tolerance is ensured by the presence of
four three-phase stator windings and their relative power electronic
units. Employment of input and output filtering capacitors is necessary
respectively for the good operation and good output voltage quality of
the bidirectional choppers. Nevertheless, a good level of safety is en-
sured by the addition of an appropriate explosion-proof enclosure for
the capacitors. The system design pursued volume minimization in-
creasing power density by the employment of a ultra-high-speed ma-
chine [38] and the consequent elimination of the gearbox.

A number of tests have been made at different machine speeds and
different load conditions on the generation system under discussion.

The first one was a no load test at three different machine speeds.
Results of the test are reported in Fig. 6a, where it can be seen that the
output voltage is regulated according to the generator speed up to a
certain frequency and then it is kept constant. In the second test the
system was loaded with an 8 Q resistor, at constant machine speed
(18,000 rpm) and different DC output voltages. Results of the test are
reported in Fig. 6b.

Thanks to the output LC filter and the high switching frequency, the
output voltage (V,) and the output current (I,) of the DC power gen-
erator are perfectly smoothed. On the contrary, the output voltage
(Vge1) and output current (Igeq) (Fig. 4) of the diode rectifier are af-
fected by a certain ripple, as shown in Fig. 7, where waveforms of the
dc-link quantities recorded during the on-load test are reported.

More advanced AC/DC converters are the force-commutated recti-
fiers [51,52], which offer fast dynamic DC output voltage control with
unity power factor operation. Therefore, they absorb no reactive power
and, contrary to diode and thyristor rectifiers, their input current is
sinusoidal, thus increasing machine efficiency and reducing torque
pulsations. On the other side, they require voltage synchronization,
converter efficiency is lowered by the commutation losses, technology
is less established and, above all, they are expensive and do not allow
fault current limitation.

In [51], in addition to systems with diode rectifiers, synchronous
and induction generators are proposed operating at variable speed and
interfaced to the grid by 2-level and 3-level voltage source converters
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(VSQ). In the paper, experimental results obtained by few-kW labora-
tory prototypes of the proposed systems are shown.

In [52] different kinds of converters, employed to interface a 5-MVA
400-Hz high speed generator to the grid, are compared. The compared
converters are 2-level converters, diode clamp and flying capacitor 3-
level converters and four kinds of auxiliary resonant commutated pole
soft-switching converters (three with 3-level structure and one with 4-
level structure). However, the comparison is made on the basis of si-
mulation results and no experimental prototypes are built.

A DC power generation system can also be implemented taking
advantage of a proven technology, namely the concentrated stator
winding PMSM prototype shown in Fig. 8 [53,54]. The prototype is
actually built to prove the feasibility of a high power direct drive wind
generator with relatively low manufacturing cost. The machine has a
modular structure consisting of stator windings subdivided into iden-
tical magnetically decoupled three-phase sections being able to operate
independently.

The prototype shown in Fig. 8 is composed of four separated three-
phase sections, resulting from the series connection of several in-
dividual stator modules, shown in Fig. 8b. The four machine sections
are connected to two PWM force-commutated rectifiers, as shown in the
scheme of Fig. 9, where a machine section and the one displaced by 180
mechanical degrees are connected to the same AC/DC converter. The
two AC/DC converters are series connected in order to supply a two or
three-wire MVDC grid.

If a fault occurs in an AC/DC converter it can be bypassed by closing
the switch connected between its output DC terminals and opening the
switches connecting its input AC terminals to the two machine sections
supplying it. In this way the generator can remain in operation with
degraded performance.

On the other hand, also if a machine section suffers a fault it can be
disconnected by the same procedure, disconnecting both the machine
sections connected to the same AC/DC converter in order to avoid
possible vibration issues due to imbalances in the stator loading.

The AC/DC converters could be DC/DC converters cascaded to
diode rectifiers, like the structure of the power electronics unit depicted
in Fig. 5. However, decoupled three-phase sections, although being an
advantage from a fault tolerance point of view, do not allow for air-gap
harmonic field cancellation like in the split-phase machine of Fig. 4.
Furthermore, concentrated-winding stator designs are known to pro-
duce highly distorted air-gap fields [53,54]. Also for these reasons, it is
more suitable to employ AC/DC converters characterized by nearly si-
nusoidal current waveforms on the AC side, namely three-phase PWM
force-commutated rectifiers, in order to reduce rotor additional losses.
Among the mentioned kinds of converters, the most common are the
PWM-controlled IGBT-bridges. As an alternative to this well-known
structure, others more efficient and less expensive three-phase rectifier
topologies with sinusoidal input current and controlled output voltage
can be employed [55,56]. An example is the so called Vienna rectifier,
which is a unidirectional unity-power-factor rectifier halving the
number of active switches and their voltage sizing with respect to the
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Fig. 7. Measured output quantities of the diode
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rectifier: (a) voltage (V4c1), (b) current (Igc1).
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Fig. 9. Scheme of a DC generator system composed of a concentrated stator winding
permanent-magnet synchronous machine connected to the MVDC grid by two series
connected PWM-controlled IGBT-bridges.

three phase bridge [57].

In order to further enhance the fault tolerance of the system, the
same concept of the prototype of Fig. 8 can be applied to the design of a
machine endowed with more decoupled three-phase sections [37]. In
this case each machine section would supply a low voltage AC/DC
converter and all the AC/DC converters would be cascaded and con-
nected to the MVDC bus.

0.001
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0.002
t [s]
(b)

0.003

Fig. 8. Pictures of the permanent-magnet ma-
chine prototype for off-shore direct-drive wind
generation. (a) Stator during manufacturing; (b)
single stator module; (c) overall built generator.

3.2. Energy storage functional block

Employment of energy storage systems [58] in microgrids [59] and
shipboard power systems is nowadays a viable solution [60] which
brings some challenges, mainly related to the grid control strategy,
together with several benefits [22]; for instance they allow fuel saving
[61], help voltage regulation and stability enhancement, perform peak
shaving required to manage pulse loads [62] and fast load changes, and
constitute a spinning reserve [21].

Main energy storage systems suitable for shipboard power systems
[60,63] are batteries [64], ultracapacitors (usually paralleled to bat-
teries to constitute a hybrid energy storage system [63,65-67]) and
flywheels [68,69].

As stated before, energy storage systems require power converters to
be interfaced to the electric grid [70,71].

Batteries and ultracapacitors are DC storage systems requiring bi-
directional DC/DC converters to be connected to the MVDC power
system. These converters have to handle high power levels, even if not
in a continuative way. A converter for this application is addressed in
[72], even if it is conceived for application to a low voltage AC (LVAC)
grid. A novel converter topology connecting energy storage batteries
and ultracapacitors to the shipboard MVDC system and performing
active filtering functions is proposed in [63]. The proposed converter is
an isolated bidirectional DC/DC converter based on the modular mul-
tilevel converter. Both low-voltage-side and high-voltage-side modules
are H-bridges, each one connected to a battery in the low-voltage-side
and to a ultracapacitor in the high-voltage-side.

Flywheel storage systems, where the mechanical energy stored in
the flywheel is converted to electrical by an AC electrical machine, are
AC storage systems which require an AC/DC converter to be connected
to the MVDC grid. Since the storage system has to supply energy to the
grid, but also to be recharged, AC/DC bidirectional converters have to
be employed. Medium voltage converters with multilevel structure,
such as the neutral-point-clamped (NPC) VSC [73], the cascaded mul-
tilevel VSC [74] and the other multilevel structures described in
[75-771, are the most suitable to be directly connected to a MVDC grid.

In recent years, the number of grid-scale battery energy storage
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systems is seeing a fast growth and different battery technologies are
being developed. In particular, a number of onshore battery storage
systems have been installed in Italy [78-80]. Different kinds of bat-
teries, such as lithium-ion, sodium-sulfur, sodium-nickel chloride, va-
nadium redox flow batteries, from different producers have been suc-
cessfully used. Lithium-ion, sodium-sulfur, sodium-nickel chloride
batteries could be suitable to be employed in MVDC shipboard power
systems since they have high energy density, high life cycle, high effi-
ciency and not too high cost [64,81]. Vanadium redox flow batteries
have the higher life cycle and lower cost, but also the lower energy
density [81], which at the moment makes them not suitable for ship-
board applications.

An example of MV battery-based energy storage system is shown in
Fig. 10. Fig. 11 shows an oscilloscope screenshot saved during labora-
tory system testing. It displays the battery current, the output AC cur-
rent and the DC bus voltage obtained during a transition from max-
imum absorbed power to maximum delivered power. The transition
time is 90 ms, being 100 ms the limit established as acceptance cri-
terion.

Even if the system of Fig. 10 is conceived for a MVAC power system
it can be adapted to a MVDC power system by substituting the DC/AC
converter and the LV/MV transformer in the scheme of Fig. 10b with a
suitable DC/DC converter, such as one of those with bidirectional
structure which will be described in Section 4.

3.3. Shore power interface functional block

Energy supply of docked ship by a shore connection is mainly
conceived to meet the requirements of energy saving and emission re-
duction [82-84]. Shore connection of ships raises a number of issues
and challenges, such as port infrastructure upgrade [85], transient
overvoltage protection [86], prevention of dangerous touch potential in
case of line-to-ground fault [87,88], identification of appropriate sizing
methods [89].

Of course, an interface power converter is needed and it can be
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exploited together with the energy storage of the onboard power system
to provide ancillary services to the onshore power system [90]. The AC/
DC converter for the shore power interface of a MVDC ship power
system could be installed onboard or onshore. However, since ships
with a DC power system are not yet widespread, it is reasonable to
assume that the interface converter is installed onboard.

Solutions of converter systems for shore power interface of MVAC
ship power systems are presented in [91]. Even if the technical solu-
tions proposed in [91] are conceived for ships with MVAC power
system, some of them can be partially utilized for the design of con-
verter systems for shore power interface of ships with MVDC power
system.

The shore power interface could employ a line commutated thyr-
istor rectifier, which has the merit of established technology, high re-
liability, high efficiency and relatively low cost. As a counterpart it
impairs power quality owing to reactive power absorption and, above
all, harmonic current injection. Countermeasures are capacitor banks,
harmonic filters, 12 pulse and 24 pulse converter configurations [92].
However, thyristor converters cannot provide ancillary services to the
grid.

A class of converters able to enhance power quality and to provide
ancillary services to the grid is the same which has been identified as
the most suitable to connect AC storage systems to the MVDC grid
(Section 3.2). Given the present state of the art, according to the au-
thors the most suitable AC/DC power converter systems for shore
connection of ships with MVDC power system are based on the three-
level NPC topology [73,83].

4. Power electronics equipment for load centers

The “load centers” subsystem includes four functional blocks,
namely propulsion, ship service, dedicated high power load and pulse
load. Propulsion is connected to the MVDC bus by DC/AC converter
systems. Ship service is connected to the MVDC bus by a DC/DC con-
verter. Dedicated high power load is connected to the MVDC bus by

LV/IMV
transf.

Fig. 10. 2.4 MW energy storage system based on electrochemical accumulators: (a) pictures showing the outside and inside views of a container keeping part of the system equipment, (b)

system block scheme.
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Battery current:
From +360A to —360A
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Fig. 11. Screenshot showing the battery current (reference and
actual), the DC bus voltage and the AC current measured during a
transition from maximum absorbed power to maximum delivered
power.

DC bus voltage:
Vdc=1040V

10.000 Nz

1402728 18:34:A

DC/AC or DC/DC converter systems, depending on the type of supply
required by a specific load. Pulse load is connected to the MVDC bus by
DC/DC converter systems.

4.1. Propulsion functional block

The propulsion functional block is composed of high power electric
drives. Overviews of power converters for ship electric propulsion
drives are provided in [93-96]. Among the high power converters re-
viewed in [93-95] the SCR-based ones (i.e. LCIs and cycloconverters)
offer the advantage of a well-known and established technology, com-
monly employed for instance for cruise ship propulsion [97]. However,
the requirement of an AC supply makes them not suitable for ships with
MVDC power system. A DC power supply requires the employment of
DC/AC PWM VSCs. An example of propulsion drives employing PWM
VSCs is given by the case study in [98], where the propellers of a mega-
yacht are driven by two 1.1 MW VSC-fed PMSMs. The propulsion con-
verters are common bridge VSCs connected to a 690 V LVAC bus by six-
pulse diode rectifiers. Removing the diode rectifiers, they could be di-
rectly supplied by a LVDC power system, but they are not suitable for
medium voltage supply.

Electric drives employing VSCs with multilevel structure [96], such
as the three-level NPC VSC [73], the Modular Multilevel Converter
(MMC) structure [99], and many of the structures described in
[75-77,100-103], are the most suitable to be directly connected to a
MVDC grid. Usually, such high power drives are intended to be supplied
by a MVAC grid; however, many of them can be easily adapted to a
MVDC supply, mainly removing the AC/DC converter that interfaces
the electric drive to the AC network.

Multilevel converter-based ship propulsion drives which can be
easily adapted to be connected to a MVDC grid are proposed in
[104-108]. In particular, the propulsion drive proposed in [104] and
tested by computer simulations is based on a four-level flying capacitor
multilevel converter feeding a three-phase induction motor. Another
induction machine drive is proposed and tested by simulations in [105],
where the motor is supplied by a nine-level MMC. The multilevel
converter-based induction motor drives addressed in [106-108] are
proposed to shipbuilders by two of the main manufactures of high
power electric drives. In particular, the ones in [106,107] employ the
technologically well-established NPC structure, while the one in [108]
employs a novel advanced three-level topology, named Neutral Point
Piloted (NPP) [109].

Just like electric generators, fault tolerance is an essential feature of
electric propulsion drives. One of the main solutions to pursue fault
tolerance is redundancy. In [110,111] available solutions of VSC-based
drive systems with redundant and multiphase structure are reviewed.

In [112] a propulsion drive is proposed and experimentally tested
where the motor is supplied by two parallel-connected three-phase

313

AC current:
800A peak

Battery current reference:
from +360A to —360A

bridge VSC units. The VSC units are connected to the positive dc-link
bus by power electronic switches controlled in a complementary way in
order to direct the current in one VSC unit and allow zero-current
switching (ZCS) of the other VSC unit. Thanks to the ZCS switching, loss
reduction and high switching frequency is achieved. Moreover, in case
of fault of a VSC unit, the healthy unit can be operated as a normal
PWM hard-switching VSC, thus ensuring fault tolerance.

In [113] a fault-tolerant ship propulsion drive is proposed and
tested by computer simulations. The system is based on a double three-
phase induction motor supplied by a nine-switch VSC (in place of two
six-switch bridge VSCs) and is able to operate also in case of fault of a
switch or of a motor phase winding.

Fault-tolerant multi-phase propulsion drives also require a suitable
control strategy in case of fault. In [114], fuzzy logic current controllers
are employed for rotor-flux oriented control of a nine-phase induction
motor supplied by a nine-leg VSC. Different faulty conditions are ex-
perimentally tested and the results show that the proposed control
method, compared with conventional control methods employing PI
current controllers, is able to improve the performance of the system in
faulty conditions.

A fault-tolerant MMC DC/AC VSC for shipboard MVDC applications
is proposed, simulated and experimentally tested in [99]. Also in that
case the fault tolerance ability is based on a control strategy, named
hierarchical redundancy strategy.

Examples of fault-tolerant propulsion drives are installed on board
the Italian FREMM class of frigates [115]. They are part of a hybrid
propulsion system composed of a 32-MW gas turbine and two 2.15-MW
electric drives, which can operate also as shaft generators. Electric
motors are PMSMs endowed with a quadruple-three-phase stator
winding. Each three-phase winding is supplied by a DC/AC PWM bridge
converter, which is in turn supplied by an AC/DC PWM bridge con-
verter, named Active Front-End (AFE). The four AFEs of each drive are
connected to the 6.6 kV AC naval grid through a step-down transformer.

Another example of redundant multi-phase propulsion drive is the
one installed on board the type 212 A and 214 submarines [116]. The
electric motor is a twelve-phase PMSM, whose stator phases are in-
dividually supplied by a PWM VSC module. The phase windings are
divided into two parts. The VSC modules are constituted by two single-
phase IGBT bridges, each one suppling a part of a stator phase winding.
Each VSC module, in addition to an input filter, has a series transistor-
switch for reverse current blocking in case of short circuit. The VSC
modules are part of the motor and contain also the phase current
control system, the electronic equipment for communication with the
central propulsion control system and an integrated DC/DC power
supply. Six of the twelve VSC modules are connected to the LVDC
power system by a feeder and the other six by another independent
feeder.
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4.2. Ship service functional block

The ship service functional block includes zonal Low Voltage DC
(LVDC) and Low Voltage AC (LVAC) distribution. DC/DC converters,
performing the function of SSTs, reduce the amplitude of the IPS MVDC
voltage to LVDC in order to supply both LVDC buses and, through LV
DC/AC converters, LVAC buses.

The availability of SSTs constituted by high power DC/DC con-
verters with acceptable price and efficiency is one of the key points
discriminating if it is convenient or not to use a MVDC distribution.

DC/DC converters are widespread for low power levels and there
are many variants of them. However, most of them are not suitable to
handle power levels in the order of MWs. The main limitations depend
on the nature of high power switches, the operating frequency and the
efficiency [117]. Nevertheless, in recent years a lot of research works
about high power DC/DC converters can be found in the scientific lit-
erature owing to the increased interest for MVDC and even more HVDC
networks. The feasibility of these converters is the result of the greater
and greater development of power electronics over the last few decades.
A review of DC/DC converters for HVDC transmission networks can be
found in [118].
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The following of the subsection includes a brief overview of many of
the most important structures of high power step-down DC/DC con-
verters proposed in the recent scientific literature. The overview pre-
sents, with some digressions, the most diffused structures found in the
literature and leads to the proposal by the authors of a new topology
fitting the needs of three-wire bipolar MVDC power systems. The pre-
sented structures can be classified as shown by the block diagram in
Fig. 12.

According to the classification shown in Fig. 12, the structure of a
high-power DC/DC converter can be monolithic or modular. Among the
monolithic topologies, two main kinds of structure can be identified,
namely the single-stage structure and the double-stage structure, that is
a structure with a DC/AC input stage and an AC/DC output stage.

Apart from a few significant examples, such as the three-level buck
topology proposed and experimentally tested in [119] and the five-level
DC/DC converter presented and tested in [120] through a 10 kW pro-
totype (Vin = 1.3kV, Vo = 800V, f; = 20 kHz), most of the step-down
single-stage DC/DC converters proposed for high-power applications
have a modular multilevel structure. They are named Modular Multi-
level DC/DC converters (MMDC) and are in some way inspired to the
MMC [121,122]. In [123] the MMDC is compared to other two

Fig. 12. Classification of high-power DC/DC con-
Multi-level | [119],[120] verters for step-down SSTs.
Single-stage
structures
Modular
multidevel | 124111271
unisolated | [130]-[132]
Monolithic Two-level
topologies legs Two legs | [133],[175]
isolated Three legs [12?1]:3,[;?4]’
Multi-leg [136],[137]
. [138]-[146],[148],[150]-[152],
Double-stage Single leg
structures [154],[155],[157],[158],[160]-[162]
Three-level Two legs | [153],(156],(159],[163]
legs isolated 9 ! ’ ’
Three legs | [147],[149]
Single leg | [169]
Modular
multi-level [165],[168]
legs isolated
Three legs | [166]-[167]
Input-series—output-parallel 173171741 1771-1179
o (173111741 [177}-179)]
Modular Isolated
topologies modules
Input-parallel-output-parallel | [176]
modules
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cascaded multilevel topologies (the cascaded buck and cascaded boost);
however the paper is focused on the design, control and experimental
test of a MMDC for traction applications with regenerative braking. Of
greater interest for MVDC applications are [124,125], where MMDCs
for medium and high voltage applications are analyzed. In [124] two
MMDC topologies are proposed, one to step-up and the other to step-
down the voltage. Three MMDC topologies (a step-down, a step-up and
a step-up/down) are also compared in [125].

MMDC requires a large number of high isolation transformers or
complicated control algorithms to balance the DC capacitor voltages. In
order to cope with this problem, in [126] a resonant MMDC topology
with inherent voltage balancing is proposed.

A variation of the MMDC topologies, called MMDC triangular to-
pology, is proposed and experimentally tested with a reduced scale
prototype in [127]. The merit of this structure is to improve the power
sharing among the converter modules and reduce input current and
output voltage ripple. Moreover, the converter can provide multiple
input and multiple output.

In [128] the MMDC is compared to the three-phase dual-active
bridge converter [129], which is a double stage structure. The con-
verters are designed for two applications where they connect a MVDC
grid with a HVDC grid and two applications where they connect two
HVDC grids. The comparison is made in terms of efficiency and sizing
(amount of semiconductors and magnetic components). In all the ana-
lyzed applications the MMDC requires a much higher amount of
semiconductor devices with respect to the dual active bridge converter,
therefore it is more expensive. Moreover, if the difference between
input and output voltages is high (as it occurs in three out of the four
analyzed scenarios), efficiency of the MMDC is considerably lower than
the dual active bridge.

The just mentioned comparison results suggest that dual-active
bridge converters are more advantageous than MMDCs for application
as step-down SSTs in MVDC power systems. In fact, for very high power
applications several examples of double-stage DC/DC converters, with
or without galvanic isolation, can be found. In many of the proposed
structures the input and output stages are connected by an AC resonant
circuit, aimed at supporting soft switching operation and therefore in-
creasing SST efficiency.

Some double-stage DC/DC converters have a recently designed
structure with no galvanic isolation. One of the most significant ex-
amples is the bidirectional resonant DC/DC thyristor converter pre-
sented in [130] for application as SST and experimentally tested in
[131] by a low voltage 30 kW prototype. Another one is the DC/DC
resonant converter presented in [132], having the input and output
stages both with IGBT H-bridge structure and separated by a LCL cir-
cuit.

Nevertheless, in the majority of the double-stage structures found in
the literature a medium or high frequency transformer is included to
galvanically isolate the output stage from the input one [14].

A soft-switching DC/DC converter using a three-phase transformer
connecting two three-phase transistor bridges, named three-phase dual
active bridge converter, is described and experimentally tested in
[129]. Other prototypes are the more recent converter proposed in
[133], which has a single phase structure, and the converters in
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[134,135], which have a three-phase structure like the one in [129].
However, a multi-phase technology would offer the advantage of
splitting the energy flow among many converter arms and would lead to
implement fault tolerance solutions, provided that it is endowed with a
control system allowing for converter degraded operation in case of a
faulty leg.

In [136,137] the multiphase resonant DC/DC converter shown in
Fig. 13 is studied in detail and its performance is tested on a 5-kW
prototype (input voltage V; =400V, switching frequency
f; = 100 kHz). The input stage is composed of two-level legs equipped
with fully controlled devices, while the output stage is composed of
diode legs. The phase resonant circuit is constituted by the capacitor C,
and the leakage inductance of the high frequency transformer con-
necting the AC sides of the input and output stages.

In the mentioned converters both the input and the output stages
have a two-level structure. However, a multilevel structure would be
more suitable for the converter input stage, which is directly connected
to the MVDC bus.

Actually, for high power applications a very high number of isolated
DC/DC converters with a three-level structure in the input stage can be
found in the literature [138-163], all with NPC topology, except for the
converter in [163], which is a hybrid solution inspired to the flying
capacitor multilevel structure and the cascade multilevel structure. The
first converter of this type is introduced in [138]. It has the NPC input
stage separated from a diode bridge output stage by a simple two-
winding transformer. However, the basic structure to which most of the
other structures are inspired is the one introduced in [139] and shown
in Fig. 14.

Many of the converters have the NPC input stage endowed with a
flying capacitor [140-143,148,150-152,154-158,160,162]. Most of the
input stages are composed of a single leg, but some of them have two
[153,156,159,163] or three [147,149] legs. In most cases the trans-
former has two windings with center-tapped secondary
[139-144,147-150,154,156,157,159-161,163], like in Fig. 14. How-
ever (like in [138]), it sometimes has a simple two-winding structure
supplying a diode-bridge [145,146,153], a three-phase structure
[147,149,158,162], or a special multi-winding configuration
[151,152,155].

All the converters in [138-163] are tested by laboratory prototypes
with low voltage input (ranging from 400V to 800 V), high switching
frequency (ranging from 20 kHz to 110 kHz, only one of 5kHz [153]),
low power (ranging from 500 W to 7 kW, only one of 16 kW [159] and
one of 20 kW [161]), but no full-scale high power realization of any of
them is reported.

Other kinds of double stage isolated multilevel DC/DC converters
for medium and high voltage applications are based on the already
mentioned MMC [164], also inspiring the previously discussed so called
MMDCs, which are single stage DC/DC converters. In [165-169]
modular multilevel DC/DC converters are proposed, where a medium
frequency transformer isolates the input stage (a DC/AC MMC) from the
output stage (an AC/DC MMC). In [165,168,169] the MMCs and the
transformer are single-phase (the MMC in [169] has a single leg, while
in [165,168] it has two legs), while in [166,167] they are three-phase.
The converter in [168] has DC fault current control capability. It is

Fig. 13. Circuit diagram of multi-phase series resonant DC/DC converter.




¢ M=
| 1 r ,
__ G a{ ZF

Fig. 14. Circuit diagram of a three-level soft-switching DC/DC converter.

applied for interfacing a battery energy storage system with the MVDC
grid, however it is suitable also to be employed as SST. The converter in
[169] is specifically conceived for employment in shipboard MVDC
power systems. In [170] the optimal design aiming at minimizing the
total power loss, size and weight of a three-phase MMC suitable for DC/
DC converters is addressed. In [171] a soft switching operation scheme
for a MMC-based isolated DC/DC converter with a high frequency AC-
link is proposed. High frequency allows a size reduction but leads to
increased switching losses. The proposed soft switching operation aims
at reducing the switching losses and therefore increasing the system
efficiency. Experimental results obtained by reduced-scale laboratory
prototypes are provided in [165,167-169].

Another kind of converter very suitable for medium voltage appli-
cations is the modular converter, which in [172] is said to be the next
generation MV power conversion system. Actually, the same classifi-
cation shown in Fig. 12 for monolithic converters could be proposed
also for each module of modular converters. However, the most dif-
fused modular structures found in the recent literature are based on the
bidirectional isolated DC/DC module described in [172]. Among these
structures there are the modular input-series-output-parallel converters
addressed in [173,174]. In [173] a traction converter is developed,
designed and experimentally tested through a prototype which consists
of only one 70-kW module (V; = 666V, V, = 750V, f; = 13kHz). A
similar converter as the base structure for an SST is described and ex-
perimentally tested through a 1 kW prototype in [174].

All the high power DC/DC converters found in the above mentioned
literature are built as reduced-scale laboratory prototypes. On the other
hand, two examples of full-scale laboratory prototypes for shipboard
applications can be found in [175,176]. In [175] two 1-MW prototypes
of resonant dual active bridge bidirectional DC/DC converters are built
and experimentally tested. The converters are intended to perform the
function of HV/LV SSTs in MVDC shipboard power systems. In [176]
another MW-level prototype is built in order to test the performance of
a proposed DC/DC converter for MVDC shipboard applications. The
converter is composed of three paralleled isolated modules, each one
having the full-bridge NPC structure of the converter addressed in
[153].

The technology for building converters to be employed as SSTs in
MVDC distribution systems could be borrowed from modern traction
converters. Modular traction converters are the only ones already
proposed by manufacturing companies [177-179] to the best of au-
thors’ knowledge. Modern traction converters, in fact, have a modular
structure like the one described in [173,174]. Each module contains a
medium frequency transformer, which enables weight and size abate-
ment. Actually, it is declared that a 50% weight reduction can be
achieved in the line-side stage (including transformer and filter) with
respect to converters employing a line-frequency transformer [180].

In [178,179] the converter system named Power Electronic Traction
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Fig. 15. Circuit diagram of the power electronic traction transformer.

Transformer (PETT), drawn in Fig. 15, is presented.

A pilot PETT has been installed in a shunting locomotive currently
operating in a Swiss station. The installed PETT has nine 1.2-MW
modules, of which only eight are essential for the converter operation
(the ninth is for redundancy). Input voltage is 15kV at 16.7 Hz. DC-link
voltage of each module is 3.6 kV and the DC output voltage is 1.5kV.
The overall weight, including the cooling system, is 4500 kg and the
power density of transformer and rectifier is in the range of
0.2-0.35kVA/kg. However, the system was not optimized in this first
pilot installation intended for technology assessment. In future PETT
under development the achievement of a power density of
0.5-0.75kVA/kg is expected.

Soft switching operation, where variation of the switching fre-
quency is used to control the output voltage, would be allowed by the
AC resonant circuit constituted by the capacitor C, and the leakage
inductance of the medium frequency transformer (Fig. 15). However, in
the present PETT installation soft switching mode is not used and the
converter operates at a fixed switching frequency of 1.75 kHz, which is
below the resonance frequency.

Considering the features of the previously described structures, the
two-module multi-phase NPC isolated DC/DC converter depicted in
Fig. 16 is herein proposed. It merges the multi-phase topology of
Fig. 13, the NPC-leg topology of Fig. 14 and the modular input-series-
output-parallel topology of Fig. 15. It has the advantages of reducing
voltage stress of components (thanks to the three-level NPC legs and the
two-module structure), dividing current between more legs (thanks to
the multi-phase structure) and enhancing fault tolerance (thanks to the
multi-phase and modular structure). Technology for the realization of
the converter could be borrowed from modern traction converters.

The two-module multi-phase NPC isolated DC/DC converter is
particularly suitable for three-wire bipolar DC grids. When compared to
unipolar DC systems, bipolar DC ones [181] have the advantage that
the equipment requires a half-voltage insulation to ground and, if
properly designed, the system is capable of emergency half-power op-
eration with one of the two poles out of service.
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Fig. 16. Circuit diagram of a two-module multi-phase NPC isolated

step-down SST.
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4.3. Dedicated high power load functional block

Dedicated high power loads with MV supply include mainly radar
and high power drives for bow thrusters and compressors [21].

Radars are pulsed loads with DC power supply, therefore they have
to be supplied by DC/DC converters of the same kind as the ones for the
pulse load functional block, addressed in the next subsection.

Bow thrusters and air conditioning compressors in MVAC power
systems are usually driven by induction motors directly supplied by the
MVAC grid [182,183]. In case of MVDC grid it is anyway necessary to
supply the motors by DC/AC converters, therefore it is worth exploiting
the benefits obtained from the use of variable speed drives. These can
be standard MV electric drives, with nominal power in the order of
hundreds of kW or few MW, including a VSC that feeds an induction or
permanent magnet motor. Such electric drives are of the same kind of
propulsion drives, even if of lower power. Therefore, the same con-
siderations made in Section 4.1 apply.

4.4. Pulse load functional block

Pulse load is a typical functional block applying to war ships. The
greater issue for pulse loads is their integration with the ship power
system [184], because they include apparatus absorbing short power
pulses of the same order of magnitude as the overall power generation
rating, such as electromagnetic aircraft launch systems, electromagnetic
guns and free electron laser weapons.

Pulse loads have to be supplied by dedicated DC/DC converters
including capacitors storing enough energy to be able to supply the load
pulsed power. Converters for pulse loads are addressed by few papers
[185-187]. However, since this topic is not specific to MVDC and is not
among the crucial issues for the feasibility of MVDC power systems for
ships, the study of these converters is beyond the scope of this paper.

5. System protection and power electronics equipment for
distribution network

The development of DC power grids is tightly linked to the devel-
opment of suitable protection systems [188]. The issues related to
protection of DC power systems are widely and comprehensively ad-
dressed in [189].

One of the key issues is the selection of the grounding system,
which, in addition to personal safety, insulation requirements, fault
detection and protection capabilities, highly affects the transient short-

circuit current and overvoltage. All the possible grounding options (i. e.
ungrounded, resistance grounded, solidly grounded) have advantages
and drawbacks [21,189]. In [190] different grounding configurations
are compared in terms of overvoltage and overcurrent under rail-to-
ground fault and simulation tests for a typical shipboard MVDC power
system are carried out. The grounding system with resistor is found out
to be the best solution. The value of the grounding resistor has to be
chosen as a trade-off between the need to avoid both excessive over-
current and excessive overvoltage, which would imply oversizing of
cables and equipment of the power system, including power converters
and CBs.

A key issue concerning the protection devices is that they have to
act faster than those for AC grids because the low series impedance
causes the short circuit current in DC grids to rise very quickly
[191,192].

The distribution network includes only one functional block,
namely the MVDC bus. The MVDC bus constitutes the connection be-
tween all the other functional blocks and it includes DC CBs.

In this section, first the system protection issue is mentioned and
then DC CBs included in the MVDC bus are analyzed in detail.

5.1. System protection

In order to address the challenges concerning protection of MVDC
micro-grids, a protection strategy minimizing the number of DC CBs is
proposed and tested by hardware-in-the-loop simulations in [193]. The
proposed strategy relies on a centralized protection coordinator and is
based on a fast communication-assisted fault detection method. In case
of communication failure, a backup protection based on directional
overcurrent units is activated.

Unlike AC grids, in addition to CBs, DC grids can exploit the ability
of power converters necessarily present in the system to limit and in-
terrupt fault currents. For instance in [191,192] the converter ad-
dressed in [117,130,131] is demonstrated by simulation results to be
effective in preventing overcurrents and overvoltages in case of fault. In
[50] DC fault isolation capabilities of the same converter are compared
to those of half-bridge and full-bridge DC choppers and of a hybrid DC
CB. The hybrid DC CB gives the best total efficiency, but it requires a
fast communication system for protection coordination. On the other
hand, DC/DC converters can achieve fault isolation using only local
signals.

In [194] a step-up/step-down DC/DC converter and a step-down
DC/DC converter able to perform the function of DC CB are proposed
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for HVDC transmission lines with unidirectional power flow. Compared
to other topologies, the two converters have a reduced number of active
switches, which leads to lower price and higher efficiency.

In order to interconnect HVDC systems of different voltage levels, in
[195] a MMDC with bidirectional fault blocking capability is proposed.

In [49] a protection scheme is proposed utilizing voltage-source
converters as fast circuit breakers. It is demonstrated by simulations
that faults can be detected and localized very quickly (within few
milliseconds) employing smart relays associated with converters acting
if current exceeds a certain threshold and lasts for a certain time in-
terval. In [28,196,197] a fault detection method is proposed co-
ordinating fully controllable power converters (which limit the current)
with a set of contactors (which isolate the faulted section) to protect
MVDC grids against short circuit faults.

Protection of DC power systems can also rely on DC CBs placed in
strategic points with the purpose of breaking the short circuit current
and isolating the branch where the fault has occurred.

A comparison of “unit-based” protection architectures (i.e. based on
power converters coordinated with no-load electromechanical CBs)
versus “breaker-based” ones is provided in [198]. “Unit-based” pro-
tection leads to lower cost and potentially reduced size and weight of
the shipboard power system. On the other hand, simulation results
show that “breaker-based” protection enhances reliability of power
supply and survivability of the power system.

5.2. DC circuit breakers

CBs can be divided into three categories: mechanical, solid-state and
hybrid, the last ones being constituted by the combination of a me-
chanical CB and a resonant circuit controlled by semiconductor devices.

The absence of natural current zero crossing and the low series
impedance [191,192,199] makes fault current breaking in DC grids
much more difficult than AC grids. As a consequence mechanical CBs
are not suitable for DC grids, because they are not fast enough
[191,192,199-201].

In [199,200] the problem of fault current interruption in MVDC and
HVDC grids is examined, limitations of mechanical CBs are shown and
different structures of solid-state and hybrid CBs are described. In [201]
the differences between IGBT-based and IGCT-based solid-state CBs are
discussed. In [202] the operation of an hybrid CB in a HVDC power
system is analyzed, with the aim of finding out the influence that the CB
and the system parameters have on the overcurrents and overvoltages
following a breaking action.

A number of solid-state and hybrid CB prototypes can be found in
the literature [203-215]. Many of them were conceived for MVDC
power systems [203-211], one for protection of superconducting
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magnets [212] and the others for HVDC power systems [213-215]. The
solid-state CBs addressed in [207,213] and the hybrid CB presented in
[215] are tested through reduced-scale prototypes. On the other hand,
the solid-state CBs for MVDC shipboard power systems addressed in
[205,206,209] and the hybrid CBs described in [203,204,210-212,214]
are built up as full-scale prototypes. Finally, [208] proposes a CB em-
ploying a Z-source circuit to automatically switch-off a thyristor in re-
sponse to a short circuit. The Z-source DC CB is built as a low-voltage
prototype. Integration of Z-source DC CB into zonal-based MVDC
shipboard distribution systems is studied in [216]. The proposed solu-
tions are supported by simulations and experimental tests on a low-
voltage prototype.

In addition to the ones described in [205,206,209], the full-scale
bidirectional solid-state DC CB prototype shown in Fig. 17 has been
built for the Italian Navy as a part of a MVDC distribution system
technology demonstrator.

The solid-state DC CB is cooled by de-ionised water and has the
following electrical specifications:

- rated line DC voltage 3000V,

— maximum line voltage 3450V,

— rated DC current 1400 A,

— ripple current < 10% of the rated current.

As shown by the circuit diagram in Fig. 17b, the DC CB is made
bidirectional by connecting a unidirectional switch to a diode H-bridge
(D11, D21, D31, D41). According to the available semiconductor de-
vices, in order to fulfill the required voltage and current levels and
assure safe sizing margins, the unidirectional switch is composed of four
IGBTs (S1, S2, S3, S4) devices connected two-by-two in parallel and
then in series.

The IGBTs are switched off immediately after receiving a turn off
command. As a consequence, the current flows through the diodes D12,
D22, D32, D42 into the capacitors C1, C2, C3, C4. The voltage of the
capacitors is controlled by the auxiliary switches AS1, AS2, AS3, AS4
dissipating the turn off energy on the resistors R1, R2, R3, R4.

Dynamic voltage sharing between the series connected IGBTs is
ensured during turnoff by the capacitors, so that a rough synchroniza-
tion of the IGBT operation is sufficient.

Two trip settings make the CB open: (1) the current reaches the
over-current limit, (2) the current growth rate exceeds the derivative
limit.

Operation of the CB prototype was tested with voltage and current
values higher than the rated ones. Experimental results of two tests are
shown in Fig. 18. The first test was performed with a circuit imposing
low current derivative (line inductance = 327 pH), while the second
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1 | ~
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(b)

Fig. 17. 3kV, 1.4 kA bidirectional solid-state CB: (a) picture of the full-scale prototype (width: 0.8 m, depth: 0.68 m, height: 0.74 m), (b) circuit diagram.
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Trace A
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Fig. 18.(a) CB test with low current derivative: trace
1 A = voltage (100 ps/div, 1820 V/div), trace B = current (500 A/
' div). (b) CB test with high derivative: trace C = voltage (20 ps/
div, 1820 V/div), trace D = current (250 A/div), trace E = trip
signal.

.
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(b)

test was performed with a circuit imposing high current derivative (line
inductance = 2 pH).

During the first test the current derivative limit was set at 30 A/ys,
over-current limit was set at 1500 A, and current setting for excessive
current derivative was 1350 A.

Voltage (trace A) and current (trace B) versus time recorded during
the first test are shown in Fig. 18a. After about 150 ps from the occur-
rence of the short circuit the current reaches 1500 A and the CB in-
terrupts it. Results of the test show that the CB can effectively interrupt
a current of 1500 A under a DC voltage of 3300 V.

During the second test the current derivative limit was set at 10 A/
us, over-current limit was set at 1600 A, and current setting for ex-
cessive current derivative was 1000 A.

Voltage (trace C), current (trace D) and tripping signal (trace E) versus
time recorded during the second test are shown in Fig. 18b. The voltage is
3250V. After about 20 pus from the occurrence of the short circuit the
current reaches 1000 A. Due to the very high current derivative (45 A/us)
the tripping occurs with a small delay, about 4 ps after the current has
reached 1000 A, i.e. when the current has reached about 1200 A, while the
breaking action becomes effective when the current has reached about
1400 A. However, the test was successful because it demonstrates that the
CB is able to effectively intervene when a high derivative current is oc-
curring, independently of the over-current trip setting.

From Fig. 18 it can be seen that fault clearance time is in the order
of tens of microseconds, consistently with the usual characteristic per-
formance expected for DC CBs [209].

6. Conclusion

Power electronics plays a key role in MVDC power systems.
Technology is nowadays going to become mature enough to make
MVDC power systems for AES a realistic alternative to MVAC power
systems. Realization costs are still higher than MVAC power systems,
but the expected benefits are such to attract the interest of shipbuilders,
who want to be ready to provide their ships with MVDC power system
when the technology will be mature enough and the scale production
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will make it affordable.

In this paper a survey has been provided of the most promising
technologies for power electronics equipment to be employed in ship-
board MVDC power systems. The power electronics equipment has been
classified according to the IEEE Std 1709™-2010 into three subsystems,
namely power sources, load centers and distribution network.

Regarding power sources, power converters for power generation,
energy storage and shore power interface are presented. In particular,
different kinds of DC generation systems have been described also
making reference to some built and tested full-scale prototypes speci-
fically conceived for MVDC military vessels. It has been highlighted
how the choice of the converter is closely connected to the adopted
electric generator technology.

Regarding load centers, power converters for propulsion, ship ser-
vices, dedicated high power loads and pulse loads are presented.
Attention is particularly focused on step-down SSTs which interconnect
ship services to the MVDC bus. A detailed classification has been pre-
sented for the large number of step-down DC/DC converters found in
the literature highlighting the features which particularly fit to serve as
SSTs. Finally, combining three existing topologies, a new SST archi-
tecture has been proposed exhibiting the following benefits: (1) fault
tolerance, thanks to the multi-phase and modular structure, (2) design
and realization advantages, thanks to the energy flow sharing between
multiple converter legs and modules, (3) voltage subdivision, thanks to
the NPC legs and modular structure, (4) limited losses, thanks to the
resonant AC circuit.

Regarding the distribution network, it has been emphasized how
one of the most critical issues making MVDC power systems im-
plementation challenging is electrical protection, owing to the difficulty
of DC current breaking in case of a short circuit event. It has been re-
marked that power converters necessarily employed in MVDC power
systems can be of large help in the limitation and interruption of fault
currents. Moreover, several dedicated CBs for MVDC and HVDC appli-
cations have been comparatively reviewed. Test results have been re-
ported for a full-scale solid-state DC CB prototype developed for ship-
board MVDC systems.
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