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Abstract: This paper presents a complete review of MVDC applications and their required technolo-
gies. Four main MVDC applications were investigated: rail, shipboard systems, distribution grids,
and offshore collection systems. For each application, the voltage and power levels, grid structures,
converter topologies, and protection and control structure were reviewed. Case studies of the varying
applications as well as the literature were analyzed to ascertain the common trends and to review
suggested future topologies. For rail, ship, and distribution systems, the technology and ability to
implement MVDC grids is available, and there are already a number of case studies. Offshore wind
collection systems, however, are yet able to be implemented. Across the four applications, the MVDC
voltages ranged from 5-50 kV DC and tens of MW, with some papers suggesting an upper limit of
100 kV DC and hundreds of MV for distribution networks and offshore wind farm applications. This
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enables the use of varying technologies at both the lower and high voltage ranges, giving flexibility
in the choice of topology that is required required.
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1. Introduction

Since the “Current War” between Thomas Edison and Nikola Tesla, AC has been
the basis for electricity systems across the world for the last 100 years [1]. DC systems have
been used for certain applications in the past, but their benefits could see DC replacing
traditional AC systems in many situations. Compared to AC, DC systems have a better
transfer capacity, improved flexibility and controllability, and are able to provide better
power supply reliability [2]. Medium voltage DC (MVDC) could replace AC in several
applications due to these benefits, which could be used, for example, in developing MVDC
rail systems, integrated shipboard power systems, offshore renewable collection, distribu-
tion grids, the electrification of oil and gas rigs, DC homes, the electrification of university
campuses, and mine sites. The first applications (i.e., rail systems, integrated shipboard
power systems, offshore renewable collection, and distribution grids) are the most common
applications in terms of both implementation and research literature. They were selected
in this paper to give a significant overview of MVDC applications.

HVDC has been already implemented for transmission [3], but MVDC is increasingly
being suggested for distribution in power systems. MVDC links have been implemented
successfully between distribution grids [4,5], and MVDC collection systems could be
utilised for offshore renewables, where they could be integrated with HVDC transmission
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first be increased to higher MVDC voltages and power ratings to improve capacity [7] as
well as to develop MVDC rail grids to achieve a performance that is equivalent to that of
a 25 kV AC line [8].

Shipboard power systems have developed for use as integrated power systems (IPS)
due to benefits such as flexibility of layout; reduced fuel consumption, maintenance, and
emissions; and improved reliability [9]. Traditionally, these IPSs have been based on AC
distribution, but the industry is now seeing a move towards DC systems [10].

MVDC has been suggested for these applications for the following reasons: firstly,
there is an approaching limit of how much the transfer capacity can increase with the AC
infrastructure [11]. For example, the result of growing populations in urban areas is
concentrated loads, which increases the distribution capability and power supply reliability
requirements. Furthermore, transportation and heating systems are increasingly using
electricity, with the aim of reducing CO, emissions by utilising renewable energies, which
creates further stress on the capacity of the distribution networks. In rail systems, increasing
traffic in low and medium voltage DC systems is causing these systems to reach their
limits [7]. Compared to the AC cables, DC cables have a higher transfer capacity, so
converting existing AC lines to DC in distribution networks and rail systems would increase
this capacity [12]. This could also benefit shipboard systems because of the reduced weight
that is provided through the use of DC cables [13].

Furthermore, conventional AC systems often have radial and open-loop layouts,
resulting in a lack of flexibility and controllability. This limits the implementation of
distributed generation (DG), as their generated power is in a specific area, and it is not
able to be supplied back upstream in times of excess power generation. Additionally, this
lack of flexibility in AC shipboard system prevents excess capacity from being stored [9].
The power flow reliability is of vital importance in shipboard systems, and MVDC offers
the ability to improve flexibility with integrated power systems and improved reliabil-
ity [14]. The flexibility benefits of MVDC also aide rail systems, especially urban rail
networks [15], by improving protection control [16], enabling flexible integration with dis-
tribution grids, and simplifying onboard energy conversions [16]. AC radial networks in
distribution grids with DG could also result in over-voltages and congestion [17]; however,
the ability of the distribution system to respond to uncertainty from supply and demand
must be maintained [18]. DC distribution systems have more configurations, leading to
improved flexibility for these applications.

MVDC grids would improve systems with a high penetration of DC loads and power
converters. DC loads are continuously increasing, with up to 80% of loads in commerce
and residential areas being DC [19,20]; therefore, utilising MVDC systems would reduce
conversion stages. Modern ship systems also often utilise DC loads and pulse-loads;
loads that draw a very high current in a short time over intermittent periods [21]. In rail
systems, MVDC supply rails would also reduce the number of conversion stages required
to supply the series-wound DC motors [8]. Furthermore, power electronic devices are
becoming increasingly common in ship power systems [9] and in rail systems as well as
to interface renewable generation in distribution grids. However, this results in control
interactions with the AC distribution networks [22]. With these renewable sources being
connected, their intermittency and uncertainty results in instability and control issues with
AC grids [18,23]. MVDC links with back-to-back power converters creating a soft open
point (SOP) are being suggested to combat this instability and reactive power issues as
well as to increase the control flexibility [24,25].

There could be significant improvements in efficiency and cost if MVDC collection
systems were utilised to integrate renewables, specifically wind power [26]. Moreover, for
the devices that are required to connect to the transmission or distribution grids, the size of
the collection systems and the conversion stages could be reduced using DC-DC converters,
which enable MVDC systems with high gains to increase to high voltages [27]. Additionally,
for shipboard electric systems, the size and weight of the traditional MVAC electric systems
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would be reduced, and the generators and heavy low-frequency transformers can be
removed [10,13].

MVDC technologies have been suggested and/or implemented in rail, ship, distri-
bution grids, and offshore collection systems; however, a comprehensive understanding
of the usage of MVDC in the future is lacking in the literature. This paper aims to review
a comprehensive set of MVDC applications and the overall network configurations, hard-
ware, and topologies that are required for the discussion of the application implementation,
case studies, future trends, and problems of MVDC applications. This paper highlights
the maturity of the various MVDC applications, as they are at differing stages of devel-
opment and technology readiness levels (TRL). This paper reviews the uses, advantages,
and disadvantages of MVDC and offers a “cross sectional” review of common points in
order to paint a full picture, which has been lacking in the literature. The sections are
divided as follows: Section 2 provides an overview of MVDC applications in ships, rail
systems, renewable collections, and distribution grids. Section 3 details the application of
MVDC in distribution grids for active and reactive power control and for increasing system
capacity and grid network topologies. Converter configurations and smart transformers
are reviewed in Section 4, and protection and control are reviewed in Sections 5 and 6.

2. MVDC Applications
2.1. Sea

In traditional shipboard systems, diesel propulsion systems have a direct mechanical
connection between the prime mover and the turbine, with the propulsion area being
separate from the main power system [28]. However, in the 20th century, these systems
began to be replaced with diesel-electric propulsion [29], where the diesel generator
connects to an electric motor, as seen in Figure 1. This move towards electric systems was
motivated by the flexibility of the layout; reduced fuel consumption, maintenance, and
emissions; and improved reliability. However, up until the beginning of the 21st century,
the majority of the power in the ships that were using these systems was solely dedicated
to propulsion, [30], as well as for cargo ships and refrigeration [31], which required special
electrical power system arrangements. In recent years, integrated power systems (IPS)
have been proposed to replace standard mechanical ship propulsion systems, which use
generators and battery energy storage systems (BESS) to supply the propulsion system and
all other loads, no longer separating propulsion from the rest of the system [9]. IPSs could
help pave the way for all-electric ships (AES), where all of the onboard equipment and
systems are electrical, with generation being provided by electric storage [32].

Schuddebeurs et al., [32], categorises ship systems from diesel—electric to AES, high-
lighting development and direction in the industry. An IPS could improve flexibility, reduce
the number of prime movers that are required, and increase efficiency; additionally, vessels
of all sizes can utilise an IPS [31]. Standard AC ship system-rated voltages traditionally
ranged from 690 V for small ships (e.g., passenger ferries with a generator capacity of 4
MW) to 6 kV, with total generator capacity between 4-20 MW and 11 kV, with a generator
capacity above 20 MW (e.g., container ships and larger cruise liners [33]).

Initial AC distribution designs had separate propulsion and service load systems to
prevent faults propagating. However, the disadvantage of this system is a lack of flexibility,
and it is more efficient to amalgamate these systems. IPSs can be further improved with
zonal distribution, which has been increasingly suggested in the literature [9,28,34] for
increased reliability. The development of AC standard shipboard systems is illustrated in
Figure 1.

However, the industry has seen a move towards DC power systems, specifically
towards MVDC [10], for IPSs, as shown in Figure 2. AC ship power systems have disadvan-
tages, with bulky transformers taking up important space and weight [13]. Furthermore,
in traditional AC systems, the excess capacity from the propulsion power system when
travelling at a low speed or when the vessel is stationary cannot be directly used or stored
in BESS [9]. Another reason for the move towards DC systems is that power electronic



Energies 2021, 14, 8294

4 0of 36

devices are becoming increasingly common in ship power systems [9]. Modern ship sys-
tems also often utilise pulse-loads, which are loads that draw a very high current in a short
time and over intermittent periods [21]. However, gas-powered AC generators have a slow
response, which does not match the fast response that is required for the emerging pulsed
loads [33]. On the other hand, energy storage devices (DC systems) as well as power
electronics provide a fast response. DC networks also avoid the issues that are associated
with the synchronisation of loads to sources and reduces voltage drops and power losses
due to reactive power [35]. Therefore, BESS and possible renewable sources (RES) can
be connected to the IPS. In AC grids, power quality issues such as the harmonics and
frequency fluctuations that are caused by pulse loads and that are loads interfaced with
power electronics are a system concern that require regulation in order to avoid risks to
the ship and crew [9]. DC grids do not have frequency issues; however, they do have
voltage stability issues [33]. Therefore, appropriate stabilising methods must be considered
for MVDC distribution systems and power quality standards for DC grids that need to be
defined [36]. A generic DC ship distribution network layout is shown in Figure 2 [37,38].
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Figure 1. Traditional AC ship distribution systems: (a) propulsion isolated, (b) radial IPS, (c) modern
AC zonal distribution system.
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Figure 2. Generic DC shipboard IPS.

The network structure could be a radial, ring, or mixed structure [34]. Traditionally,
AC ship systems were arranged radially, an orientation that has the benefit of simplicity;
however, these structures lack survivability, as if a line is disconnected due to a fault,
there are no other connections to the load to power it [9]. Several papers have highlighted
the benefit of utilising an open ring bus structure [34,39]. This structure is capable of
isolating a fault with a normally open point, therefore allowing the rest of the system to
continue to operate. Furthermore, a ring bus structure ensures that a vital load can be
powered from several points, improving security and reliability [33].

IPSs have been around for the last 30 years, with the Queen Elizabeth II being the first
ship with an AC IPS [40]. Other IPS examples are Queen Elizabeth Class Aircraft Carri-
ers [38], the Ellen E-Ferry, and the Yara Birkeland Autonomous container, an AES [41].
The QEC has four 11 kV switchboards and six generators, two at 35 MW, two at 11.3 MW,
and 2 at 8.5 MW. The Ellen E-ferry is a 57 m medium sized car and passenger ferry with 4.3
MWh battery capacity with DC operation [42]. The Yara Birkeland is a 79.5 m long ship
with an optimal speed of 11 km/h, and it is the first fully battery-powered and autonomous
container ship. The battery pack of the propulsion system is 7-9 MWh [43]. All-electric
ships are being suggested due to their better efficiency, fuel economy, power quality, and
reliability [44]. Helgesen et al, [43], detail the advancements in electrical energy storage
for ships and the extensive progress made in the field. The NORLED MF Ampere Ferry is
the world’s first electric car ferry, which uses battery storage; however, it is based on an AC
distribution system [45].

2.2. Rail Systems

Since the 1950s, rail systems have been leaning towards electric rail in Europe, China,
and Japan [8,46]. However, diesel and diesel-electric locomotives still exist in North
American and some European countries. Electric trains are more efficient and do not
produce greenhouse gases [47] and have a greater power to weight ratio than their diesel
counterparts [48]. The installation costs of electric rail systems are significant; however, in
busy lines, these expenses are negated by the reduced operating costs compared to diesel
engines, as the cost of diesel fuel is significantly more than that of electricity [49]. However,
in remote areas with little rail traffic, the installation costs are often too much to warrant
system electrification. Such areas would have to rely on the development of large-scale rail
battery storage systems in order to achieve electrification [49,50].

Electric rail systems across the world have historically been supplied with a mix of
LVDC/MVDC for low speed and urban connections and MVAC for intercity and high-
speed rail systems. In inner city areas, there are currently several LVDC/MVDC voltage
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levels for various light rail operations in different countries; trams and subways use volt-
ages between 750 V and 1.5 kV, and medium-distance trains use 3 kV DC [6]. With these
DC systems, a three-phase AC distribution network would traditionally connect to a trac-
tion power substation (TPSS) containing a rectifier bridge for DC conversion. However,
lower-voltage DC systems suffer from increased heavy traffic, preventing operation at
nominal power, and the substations are required to be very close together.

For high-speed AC rail networks, step down transformers that are connected to
the grid provide the catenary with medium-voltage AC, e.g., 25 kV /50 Hz, and VSCs on
each train supply traction DC induction motors. AC rail distribution grids have been preva-
lent due to ease of connection to the main national grid through step up transformers to
reach higher voltages and to reduce line losses, meaning that fewer substations are required
and that AC technology is advanced and reliable, such as in AC circuit breakers [51]. Some
European countries, such as Sweden, Germany, and Austria, maintain a low-frequency
AC catenary voltage of 15 kV at 16.7 Hz [52], while most other European countries, such
as Spain, France, and the UK, adopt an MVAC rated at 25 kV /50 Hz [46,53]. However,
AC supply lines have certain drawbacks: reactive power compensation is required, single
phase substations have a high short-circuit power in order to avoid voltage imbalance at
the PCC, and the inductive voltage drops [54].

As a natural evolution of existing LVDC/MVDC traction systems, modern MVDC
rail systems have been proposed instead of MVAC. High-speed DC rail systems were
limited due to the significant voltage drops along DC lines, the required high number of
expensive substations, and the lack of development of protection, [46] and only the LVDC
and the lower end of MVDC voltage ratings could be utilised. However, there have been
significant advances in these areas and in MVDC technologies [6], and future MVDC
rail distribution grids are increasingly being suggested in the literature. Gomez-Exposito
et al., [46], present a multiterminal MVDC network with a single uninterrupted 24 kV
DC catenary. The main transmission grid supplies this MVDC distribution grid through
a series of equally spaced substations containing multilevel VSCs. In Verdicchio et al.
and Caron et al., [7,54], reviews of similar MVDC distribution structures are presented;
however, the systems that are presented use two overhead lines. The former investigated
the optimal distance between substations and compared operation to a real 25 kV AC
line. The latter reviews the DC voltage levels of a bus system and suggests that a 9 kV DC
supply has a comparable performance to that of a traditional 25 kV AC system. Verdicchio
et al., [8], also agree with this comparison but adds that the selected DC voltage level
must take substation distance, the rail to ground voltage, and the thermal constraint on
the overhead line cross section into consideration, increasing costs. Thus, the selected
voltage must optimise between thermal constraints and cost. References [55,56], Tobing
et al. and Pereira et al., present optimisation solutions for the placement of DC traction
substations to minimise voltage drops and power losses.

An example DC network is shown in Figure 3. The TPSS contains disconnectors on
the AC side, rectifiers, and DC circuit breakers and disconnectors [6].
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Figure 3. DC rail distribution system.

The substation control system controls the reactive power on the AC side as well as
the active power and DC voltage. In areas where the lines are close to each other, rectifying
stations could be removed and replaced with DC-DC links [46]. Further to this, modern
MVDC rail might be reversible and integrate BESS [57].

There are still significant developments that are required in MVDC rail systems, such
as those seen in [58]. Arcing in DC rail systems is intense, as the voltage is often lower
compared to that of the equivalent AC systems, resulting in the current being higher [59].
Interruption between the pantographs and the overhead line can cause arcing and results
in power quality issues, electromagnetic emissions, increased temperature at the contact
point, and wear on the contact wire and strip on the pantograph [60]. Fast detection
methods might be required to prevent the spread of negative electromagnetic phenomena
throughout the rail network [61].

2.3. Offshore Wind Connection

Most current and proposed offshore wind farms use 33 kV or 66 kV AC cables in
their collection system to connect the wind turbines together in strings [62]. For wind
farms that are located close to shore—typically within 100 km—the power is exported
using 220 kV to 275 kV AC cables, as shown in Figure 4a. Over the last decade, wind
farms have moved further from the shore, and the use of HVDC in the export systems
has become more cost-effective through the reduction of cable costs and losses as well as
through the elimination of the need for reactive compensation [3]. This type of connection
is shown in Figure 4b.

The literature demonstrates significant interest in the use of MVDC cables in future
offshore wind farm collection systems [63-67]. The use of MVDC collector systems in
offshore wind farms has been suggested as far back as 2003 [63] but have mainly remained
theoretical over the last decade. Recently, however, cost reductions in power electronics
and advances in DC control and protection have led to a renewed interest in MVDC-based
wind farms.

The voltage conversion for these designs would be performed using DC/DC con-
verters with a medium frequency transformer (MFT), as detailed in Section 4, which are
significantly smaller and less heavy than the 50 Hz transformers that are used in traditional
offshore wind farms with HVAC or HVDC export systems. This has the potential to reduce
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the size and weight of the offshore platform. This design is illustrated in Figure 4c. In
some of the proposed MVDC designs, the offshore platform, which can make up 20% of
the offshore wind farm capital cost, is removed altogether [68]. This connection option is
shown in Figure 4d.

MV AC Collector Platform

w AAAA

33-66 kV AC

V77
w7

HVAC export ]
20-275kVAC |+

MV AC Collector

o N
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Figure 4. Connection options for offshore wind farms: (a) MVAC collector with HVAC export, (b)
MVAC collector with HVDC export, (c) MVDC collector with HVDC export, and (d) MVDC collector
and export. Indicative voltage levels are based on existing AC wind farms [69] and proposed DC
wind farm designs [65,68].

A range of designs have been proposed for MVDC collection systems. The standard
design consists of a parallel connection of the wind turbines, with each wind turbine
containing a dedicated DC/DC converter with MFT to step up the voltage. The collector
system voltage is stepped up at one or more offshore platforms with high power DC/DC
converters, as shown in Figure 5a. This design is most similar to the AC radial collector
systems, reducing the technological risk. However, it requires a large number of conversion
stages and is dependent on immature DC/DC converter technology [66].

Variations in the parallel collector circuit include the centralised and dispersed parallel
configurations. The centralised, also known as cluster, configuration performs the volt-
age conversion using string-level DC/DC converters, and the wind turbines use simpler
drivetrains consisting of a 50 Hz transformer with an active or passive rectifier [65,70],
as illustrated in Figure 5b. This configuration reduces the number of components and
the maintenance requirements of the wind turbines but suffers from losses due to the tur-
bine speeds being controlled at the string-level [65]. The non-standard wind turbine
drivetrain also increases the technological risk. The dispersed configuration takes the op-
posite approach, where the parallelly connected wind turbines use individual DC/DC
converters to boost the voltage to high levels, and a central converter is omitted [71], as
shown in Figure 5c. This allows the offshore platform to be much smaller or even removed.
However, the wind turbine converters are unlikely to be able to reach the same voltage
levels as the other designs, leading to higher transmission losses.

Several papers propose that the wind turbines in a DC collection grid be collected
in series [63,72]. This configuration allows the wind turbines to build up the voltage
to transmission levels, removing the need for an offshore converter platform. This has
obvious cost benefits that are the result of halving the number of required cables and
removing the offshore platform. However, since all wind turbines form a single string, any
fault on the collector circuit results in the complete loss of power output [72]. The series—
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parallel configuration is therefore proposed by a number of papers to increase the wind
farm availability [73,74]. This design consists of multiple strings of series-connected wind
turbines, as shown in Figure 5d. However, both the series and series—parallel designs
have several operational and technological challenges that need to be overcome in order
for them to be commercially feasible. All of the wind turbines in a string must maintain
the same current output, and the transmission voltage is dependent on the wind turbine
power production, resulting in challenges in balancing the voltage and reductions in
efficiency [75,76]. The wind turbines in each string must also be capable of withstanding
transmission level voltages, which require novel wind turbine designs [72].

lor

Offshore Substation

Offshore
Substation

Wind turbine

Wind turbine

HEOR LS
’ = =gﬂ
e Wind turbine "

to shore {
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¢) dispersed parallel

to sil.;'e
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& O
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A1 1 —
— G -+ Wind turbine

b) centralised parallel
d) serles—parallel

Figure 5. DC collection system options: (a) standard parallel, (b) centralised parallel, (c) dispersed parallel, (d) series-parallel.

2.4. Network Distribution Grid Systems

The distribution grid has predominantly been AC since the early 1900s and the “Cur-
rent Wars” between Edison and Tesla [1]. AC technology has been utilised due to the ease
at which it can be increased higher voltages with transformers, allowing for reduced
power losses. However, developments in VSCs and protection and semiconductor devices
have enabled the introduction of HVDC transmission, paving the way for further DC
connections, such as MVDC distribution.

The importance of power reliability and quality in cities and urban areas is paramount,
but as populations increase and the strain on the power supply is exasperated, extra
capacity will be required in the distribution grid. However, the AC system is steadily
reaching its limit, as the space for new substations and lines is finite. The transfer capacity
of a DC conductor is about 1.5 to 1.8 times that of an AC cable with the same width and
current [12,77,78], and it also has a higher efficiency [79]. DC also uses its full peak-voltage
capability compared to RMS, and DC does not suffer from the skin effect [20]. Therefore,
MVDC could provide the increased voltage and capacity required in congested areas by
converting MVAC lines to MVDC.

Another disadvantage of AC systems is the required reactive power compensation.
Utilising DC allows for the removal of the three-phase balance or compensation require-
ments of AC [23]. DC cables do not consume any reactive power, and the power converter
connections between the DC and AC grids could provide support and voltage control to
AC systems.

Connecting distributed renewable energy sources to AC grids also creates challenges
for the distribution grid. DGs are intermittent and unreliable, so BESS are required for
excess storage and support; connecting these to an MVDC would allow for simpler con-
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version stages than AC [20]. Controlling voltage disturbances is a significant goal of DG
connections, and power converter control with MVDC systems can provide DG voltage
control [80].

MVDC is not simply HVDC downscaled. MVDC could significantly aid in areas
where there are no high-voltage connections and where high-voltage infrastructure could
not be easily implemented, in densely populated urban areas, for example. Following
this, HV has a large visual impact of high lines and power towers, and obtaining per-
mits for HV corridors is becoming increasingly more difficult [81]. Furthermore, MVDC
has the adaptability to allow for smaller, less expensive converters at the lower voltage
ranges [82].

However, MVDC grids have several challenges to overcome; protection systems
and DC circuit breakers need further development, there is a general lack of standardis-
ation, and DC installation costs are currently high due to the power converters that are
required [79]. Power converters are also still not as efficient as AC transformers and have
a lower lifespan [20].

Furthermore, MVDC networks have no current zero-crossings and low DC impeda-
nces [83], resulting in the fault current being high. It is predicted that dealing with short
circuit currents will be of great difficulty in DC grids [84], and compared to AC systems,
the protection in DC systems will be much more complex [79]. Fault detection and location
is a difficulty in DC systems, and detection methods are highlighted in the literature [61,85];
however, further developments are still. Further to this, the protection methods that are
included in DC systems have yet to be standardised, and the best prevention methods
are still up for debate; for example, there is still debate surrounding the use of hybrid or
solid-state circuit breakers. Protection issues and the developments that are required to
accommodate these issues are detailed in Section 5.

2.5. Applications Overview

The four main applications that are overviewed are briefly summarised below in
Table 1, which details the average voltage and power levels, technology readiness level
(TRL), maturity, case studies, and available technology.

For rail systems, the lower end of MVDC technology is already in use for tram, metro,
and subway systems; however, long-distance travel with MVDC is being suggested at
higher voltages of around 10 kV and at high speeds of 20-30 kV.

For shipboard IPSs, MVDC power systems are emerging as an alternative to AC sys-
tems with heavy transformers. As reducing weight is highly important in ships, the benefits
of MVDC power electronics are being utilised, especially as the voltage of DC buses will
be required to be 5-35 kV (depending on ship size); therefore, significantly large onboard
substations are not required [10,34,86].

Distribution grids are beginning to introduce MVDC links and DC grids. There
are several examples of DC links [87,88], and small DC distribution networks have been
developed in Southeast China [89,90]. The technology that is present in distribution grids is
available as MVDC systems, which have the flexibility of utilising 2L and 3L VSCs, as well
as modular multilevel converters (MMCs). The suggested voltage range for distribution
operation varies in the literature, with some papers suggesting 1.5-100 kV [78], and others
narrowing the range to 5-50 kV [26,91]. For projects [4,5,90,92], the voltage ranges from
10 kV to 27 kV. This will likely be the mean range for distribution, but there may be some
extension up to 50 kV or even to 100 kV for a distributed renewable connection.

However, offshore wind collection is still being developed, and there are currently
no active MVDC collection systems. The lower weight of MVDC collection substations
compared to AC collection or HVDC systems would also significantly reduce the capital
cost of the system. MMC technology could achieve the high step-up ratios that are required,
and this technology has good short-term reliability with active redundancy, but the long-
term survival of the technology in offshore conditions is still being investigated [93].
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The range of the MVDC voltages that are required for various applications have not
been standardised. The values that have been suggested in the literature or that have been
implemented differ, with Table 1 showing these details. To further represent the variation in
voltage levels, the suggested and implemented applications are displayed in Figure 6 and
are represented as a function of the year. The trends show that for rail systems, the lower
end of the MVDC voltages (600-1500 V) have been implemented up to the 2010s, and from
2010 to the present day, higher medium ranges (9—24 kV) are being suggested to match
those of the 25 kV AC rail systems. With distribution, the most commonly suggested and
implemented voltage was 10 kV, with an outlier of the ANGLE-DC project reaching 27 kV.
The most commonly implemented voltage for shipboard systems was also 10 kV; however,
the suggested values have a larger range due to the variety in ship sizes and in the required
loads. Finally, the suggested wind offshore collection platform voltages are in the higher
range of MVDC values (20 kV-35 kV).
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O
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Figure 6. Suggested and implemented application voltage level.

Table 1. Application overview.

Application

Railways

MVDC Distribution

Offshore Collection

Shipboard Systems

600 V-3 kV (trams, suburb trains)
Long distance 9 to 10.5 kV [7,8]

5-50 KV [26,91,94,95]
+10 kV [5,89,90,92,96]

5 kV main bus voltage [13]

Voltage levels High speed DC 20-30 KV [46] 1.5-100 kV [78,97,08] Typically £25 to +50 kV [75] 11615\/1([\170[%3]]
+10kV to £70 kV [99] "
Power 3 to 5 MW suburban [6] gol\rﬁ"n\l’;iogi‘g}’r‘;y (Loilo(ilzlo 160 MW to 1200 MW 2-7 MW [37] (smaller ships)
12 MW higher speed [54] i [63,72,102] 10-20 MW (cruise liners) [33]
MW [5,90]
TRL 9 9 5 9
Already utilised for tram, subway, Utilised in several countries Relving on DCWT Integrated DC power systems are
metro travel. HVDC converters in test phase: UK, China, ying beginning to dominate the market.
. development [75], but many 0 .
Maturi already capable of Finland. Range of developed . . . Light-weight MMCs and power
aturity . : . . countries with large installed . . .
implementation, with SSCB and converter, semiconductor, . electronics replacing heavyweight
. . offshore capacity and MVDC :
improved power semi-conductors and control systems by technologies transformers. Improving battery
offering new voltage capabilities. industry, Bles: capacity.
ANGLE DC SPEN, Zhuhai
London Underground, Distribution Project, ForSea Ferries [103], Yara
Cases Bordeaux-Hendaye intercity line, Shenzhen MVDC [89], None implemented [75] Birkeland [41], QEC Aircraft
Paris-Strasbourg high speed line. Suzhouo [90], Hangzhou Carriers [38]
Jiangdong, Guizhouo [44]
. . = Siemens MVDC Plus, RXHK Energy storage systems, power
Available Siemens MVDC plus [95], RX.HK Smart VSC-MVDC Siemens MVDC Plus management systems, voltage
technology Smart VSC-MVDC transmission o .
transmission drives [103,104]
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3. MVDC for Grid Connected Applications
3.1. Applications

According to CIGRE [78], future MVDC distribution systems will be for intercon-
nection with MVAC grids and for connecting LVDC systems and HVDC ones. The AC
system will operate with the DC system, providing ancillary services and support. There
will be a combination of structures: point to point DC connections, multiterminal MVDC
grids, microgrids, and distributed generation connections. This section reviews the main
applications for grid-connected applications.

3.1.1. SOPs, FACTS and DC Links

AC distribution systems often utilise a radial structure, where entire sections of the line
are isolated after a fault, causing downstream supply loss [25]. It is possible to connect
two adjacent independent feeders to offer electricity supply routes in case of an unplanned
outage [88]. This can be achieved using standard mechanical switchgears that are also
known as normally open points (NOP). As an alternative, this connection can be realised
through back-to-back MVDC VSCs, which are known as soft-open points (SOP) [24,105].
An SOP has the advantage of allowing AC grids to be decoupled from each other, due
to the power quality of the short circuit ratio, for example [106]. At the same time, it can
provide voltage support and active power control [24,25]. SOPs can be understood as
a standard back-to-back topology, as seen in Figure 7a [25]. SOPs are already being trialed;
reference [92] details a 11 kV flexible power link connected to two 33 kV AC distribution
networks and that has SOPs and SPBs being installed on the network [107] (Figure 7b).
Following SOPs are soft-power bridges (SPBs), which perform a similar function to SOPs;
however, they can process less power, reducing the number of power electronics, taking
advantage of a series—parallel connection [88].

vsc|=

co-A=T 1
=L T VA

VSC VSC vSC /\/=

(a) (b)

Figure 7. (a) B2B soft-open point configuration. (b) Soft-power bridge.

Flexible AC transmission systems (FACTS) have been traditionally used to improve
power balance and voltage regulation in AC transmission power networks. Standard
FACTS such as STATCOMs have been extensively used and have been specifically designed
to suit the network needs such as voltage support or power flow control [108]. Medium-
voltage level power electronics have been suggested to provide the same services for MVAC
distribution [25].

MVDC can be also used to interconnect to distant nodes using a DC line or link.
Several MVDC links have been suggested between two medium voltage nodes, such as in
the ANGLE-DC project [109], which use a bidirectional MVDC link to improve power flow,
allow control, release power capacity, and ensure reactive power control [24,87].

3.1.2. DC Distribution Networks

As MVDC technology continues to develop in terms of protection, converters, and
reduced cost, full DC grids could be connected to AC systems instead using single SOP
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or DC lines [106]. At the same time, MVDC distribution networks might be a convenient
solution as the loads shift from AC to DC. Consumer loads are increasingly DC, with up to
80% of commercial and residential loads currently being DC [20]. MVDC networks can
easily integrate LVDC loads, such as those that are required for electric vehicles or future
electrified transport systems.

MVDC distribution networks have started to be developed, especially in China.
In Zhuhai, a +10 kV MVDC distribution system has been implemented [5]. A star network
topology with three converters has been suggested to improve the reliability of the AC
distribution network.

There are several further MVDC projects that have been or that are currently being
developed in China’s southeastern provinces. The Shenshen VSC-DC-based multitermi-
nal hand-in-hand distribution system in Shen Zhen has been under development since
2014 [89]. The Hangzhou MVDC project will also utilise a multiterminal structure, as will
the Guizhou project [96]. The Suzhou MVDC project has a more complicated system and is
designing a single bus double-terminal ring structure. This is to combine the traditional
ring structure and radial structure benefits [90]. Although the structure of these projects
and that of the Zhuhai project vary, they all utilise MMC converters and operate at a DC
voltage of £10 kV. This could suggest a standardisation of voltage in Southeastern China
for MVDC.

3.1.3. Microgrids

Microgrids and smart grids have been proposed to integrate distributed generation
to meet local energy demand and to connect to distribution networks without the costly
expansion of the centralised utility grid. Microgrid grid structures and hardware topolo-
gies are very similar to the distribution topologies that are discussed in the next section
and are often in the lower voltage ranges [110]. According to some sources [1,84,110],
DC microgrids are set to take the dominance of AC microgrids, as the price decreases due
to their ease of integration or renewable sources, which have better integration efficiency,
DC load integration, no harmonic oscillations, no skin effect, and no synchronisation
requirements [110]. MVDC microgrids will be prominent in offshore oil rings [20], data
centres [106], industrial applications, and EV charging stations. Offshore oil drilling of-
ten takes place in geographically remote locations, and at these locations, offshore wind
generation is a significant resource. However, the lack of electrical collection systems link-
ing generation and transmission at these locations prevents implementation. Oil drilling
platforms could be electrified using an MVDC architecture and could also act as a wind
generation collection system [86].

However, there are several issues that are associated with DC grids that are often
overlooked, particularly in such DC microgrids. Firstly, power quality standards need
to be defined for DC microgrids. Reference [36] provides power quality indexes for DC
grids, as DC grids can be prone to electromagnetic compatibility issues, source and load
interference that cause flicker and fluctuations, low-frequency oscillations propagating
between connected AC grids, and the impacts of overheating and aging. Furthermore,
DC microgrids require significant protection that is different from the protection that is
require for AC microgrids. DC lines have low impedance, resulting in the frequency of
short circuits increasing quickly and high-fault currents and difficulties using traditional
current relays from AC grids. AC CBs also cannot be used in DC grids, as they interrupt
the current at the zero crossing, which a DC current does not have [84].

3.2. Grid Topologies

There are several topologies for MVDC distribution systems: radial, meshed, multi-
terminal hand in hand, ring [111], or a combination of these (see Figure 8). The topology
that is selected depends on the design requirements. Radial topologies are more econom-
ical due to a smaller conductor size and the placement of that conductor further along
the feeder [112]. However, they are not very reliable, and a fault at the beginning of one
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feeder will cause supply failure to the rest of the connections leading from it. The power
flows in one direction in a radial configuration, which could limit the flexibility of addi-
tionally distributed generation [113].

Ring structures have fewer voltage fluctuations at the consumer level and provide
a reliable system, as the loads are fed from two feeders. The open-ring loop structure
has NOPs between the two feeders that separate the loop into two radial feeders. During
normal operation, the sections are not connected, but during a failure, the switch closes,
and the section is energised from the other side. Ring structures can provide flexibility
and reliability, as there are multiple paths for power flow [114]. Further to NOPs, nor-
mally closed-loop (NCP) configurations allow for a load to be balanced between feedings,
improving power supply reliability [24].

Multiterminal MVDC networks have been proposed for use in microgrids, distribution
systems and renewable collection systems in the literature [26,115-117]. Multiterminal net-
works are systems that do not contain a loop. MVDC networks connecting multiple MVAC
grids would provide voltage support, power quality, and flexibility [118]. Multiterminal
systems can be extended to more readily than ring networks can and offer the ability to
intertie multiple networks at one point [119,120]. The protection and control of multitermi-
nal MVDC networks need further research and development due to the inherent instability
of MTDC VSC-based systems [115].
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Figure 8. Network topologies: (a) radial, (b) hand-in-hand multiterminal, and (c) ring.



Energies 2021, 14, 8294

15 of 36

There are three main bus structures for MVDC networks [121]: unipolar asymmetric,
unipolar symmetric, and the bipolar structure (see Figure 9). Unipolar symmetric systems
consist of a single conductor and a ground return, and the symmetric structure uses two
conductors. This symmetric structure is preferred in MVDC systems. On the other hand,
bipolar buses might be able to run with two cables, but if one of the poles fails, it is possible
to keep it running by considering a grounded or metallic return.
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Figure 9. MVDC bus structures. (a) Unipolar asymmetric. (b) Unipolar symmetric. (c) Bipolar.

4. Hardware

Each MVDC application has specific hardware requirements, and the development of
AC-DC converters, DC-DC converters, solid-state smart transformers, and semiconductor
devices are all at varying levels. This section presents the available topologies, the voltage
range over which they are considered, and the advantages and disadvantages of each.

4.1. Converters
4.1.1. AC-DC and DC-AC Converters

The topology that is selected for MVDC converters is dependent on the requirements
of their intended application. For AC-DC conversions, there are several topologies that are
available, including diode rectifiers, line-commutated converters, shown in Figure 10, 6-
pulse and 12-pulse thyristors bridges, 2-level (2L) VSCs, 3-level either neutral point clamped
(BL-NPC), (Figure 11) 3-level flying capacitors (3L-FC) [122], alternate arm converters, 5-
level converters, and modular multilevel converters (MMC) (Figure 12).

—_—
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Figure 10. Line-commutated converter.
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Figure 11. (a) Two-level converter (2L). (b) Three-level neutral-point clamped converter (3L-NPC).

Rectifiers have been utilised for AC-DC conversion since the late 19th century. Railway
traction substations have utilised the simple 6- and 12-pulse diode rectifiers for decades,
and this converter is utilised in many rail systems today [15]. However, this basic diode
rectifier suffers from a lack of regenerative braking capabilities and high harmonic current
injections.

Shipboard systems traditionally used thyristor-based rectifiers at the medium voltage
level, usually at about 20 kV, due to their significant robustness [99]. Generally, the 12-
pulse thyristor rectifier is utilised, and it can remove the 5th and 7th harmonic, however,
the lower order harmonics are still included [123].

For power transmission, line-commutated converters (LCC), as those shown in Figure 10,
were widely used for long-distance high-power transmission and asynchronous grid con-
nections [124]. LCC devices were implemented during high-power transmission to enable
HVDC; however, this resulted in poor voltage regulation and commutation failure when
operating under weak grids. This led to the development of the voltage source converter
(VSC) for VSC-HVDC links in 1997, which used IGBT-based switching instead of thyristor
pulse switching [125]. Since then, the modular multilevel converter (MMC) and several
other multilevel or cascaded converters have been developed for improved sinusoidal
outputs, reduced switching losses, and harmonics.

The 2L and 3L VSCs are the ones that are the most commonly used in MVDC systems
at the lower voltage range, e.g., 3-6 kV [126], due to the significantly lower cost and
efficiency at these voltages compared to MMCs or other multilevel converters. The 2L
VSCs can be considered at voltages of up to =28 kV DC [93], and the 3L-NPC can be
considered for voltages of up to £35 kV; however, MMCs are generally the best topology
for higher voltage ranges that are above 10 kV [19,95,126,127], but at this voltage boundary,
the converter should be selected on a case-by-case basis. MMCs possess benefits such
as low distortion, modular design providing scalability [128], voltage balancing across
switches, reduced harmonics, lower switching frequencies [127], improved fault ride
through capability [108,129], and active redundancy, all of which significantly improve
reliability [130,131]. However, there are disadvantages to MMCs, such as the cost that
is introduced by sub-module redundancy and significant losses in the full-bridge (FB)
configuration. [99]. In shipboard systems, the size and weight of the equipment is a crucial
factor that should be as low as possible, and reliability is also required. The MMCs in
shipboard systems offer scalability with voltage and power [10,132]. Soman et al. and
Bosich etal., [10,101], review power densities and weight reduction benefits of the standard
12-pulse thyristor rectifier, IGCT based converters, MMCs, and 2L VSCs.

A basic outline of the MMC topology is shown in Figure 12 [133-135]. There are several
possible submodule topologies, including the half-bridge (HB), full-bridge, and five-level
cross connected modules. The HB submodule in MMCs has a lower power loss compared to
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the FB [93,136], and several papers solely consider HB MMC configurations [99]. However,
the FB module has fault blocking capabilities [132,137]. There has also been a focus on
the development of advanced semiconductor devices in converters for reduced power
losses. The authors of [138] review the benefits of hybrid MMCs that use both SiC and Si
semiconductors, and [137] reviews the effects of varying FB-HB configurations for varying
switching devices inside of the MMC.
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Figure 12. MMC and submodules.

Commercially, there are many considerations for converter topologies. In the Network
Equilibrium FPL project, 3-level 3.3 kV converters based on IGCT technology were utilised
to connect the 33 kV DC link [92], and in planning the ANGLE-DC MVDC project, 3L-
NPC AC-DC converters were utilised to establish the connection between the 33 kV AC
bus and +27 kV DC link [94], as shown in Figure 13. To implement this conversion,
12 of these converters were to be installed at each substation [87,139], where they were
arranged as submodules in the substation, achieving a conversion from 33 kV AC to 27 kV
DC [87,99]. Comparing this modular converter configuration to the one seen in Figure 12,
the individual transformers and the associated power losses could significantly affect total
losses and cost. This series of cascaded converters is not the same as that of the traditional
MMC or the ABB alternative to the MMC, the cascaded two-level converter [140], which
was designed for VSC-HVDC transmission.

The planning of an MVDC distribution network in Zhuhai [5] opted for MMCs, where
the Jishan I substation was not equipped with a DC breaker, so an MMC with self-fault
clearing ability was required. For this, an IGCT cross-clamped (ICC) MMC was designed
with both FB and HB submodules.
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Figure 13. Converter station configuration of Angle-DC Project.

4.1.2. DC-DC Converters

DC-DC converters have multiple uses in MVDC applications. They can be used to
establish connections from offshore wind farms, can be used use in smart transformers,
make it possible to increase or decrease MVDC links to HVDC links, and can be used in
ship systems and rail connections. MVDC distribution projects are already introducing
medium-voltage level DC-DC converters [5,89,96].

DC-DC converters can be divided into two groups: isolated and non-isolated. With
the former, the input is isolated from the output with coupled inductors or AC transformers,
offering galvanic isolation by creating a magnetic pairing. This protects the low-voltage
side from the high-voltage side [141]. Isolated converters can offer larger step-up or
step-down ratios and can allow for multiple DC outputs without significant cost [142].
Insulated converters can also improve efficiency, reduce switching losses, aid grounding,
and result in low-voltage and current switching stress [143]. Non-isolated converters
remove the transformers and use fewer semiconductor devices, which reduces switching
losses, size, and cost, but they cannot provide large voltage ratios [141], the simplest
topologies of which are buck, boost and buck-boost (Figure 14) converters.

There are several topology options for DC-DC converters, and the main suggested
(isolated) topologies are the dual active bridge (DAB) and the dual active bridge resonant
converter (Figure 15); cascaded DAB converters, and modular multilevel DAB converters
(Figure 16)); and (non-isolated) modular multilevel DC-DC converters (MMDC), which are
shown in Figure 17. The well-known non-isolated buck, boost, and buck-boost (Figure 14)
converters [143] are also utilised for low-voltage DC-DC connections, such as in light
rail [57]. For this application, particularly with state-of-the-art battery driven light rail,
a bidirectional buck-boost topology is utilised to aid in regenerative braking. However,
for high-power applications, these aforementioned devices are not well-suited and cannot
achieve high enough step-up or down-ratios, and as the duty cycle is increased, the effi-
ciency of the device begins to decrease significantly [142].



Energies 2021, 14, 8294

19 of 36

There are multiple DAB and DAB-resonant topologies presented in the literature, all of
which show diverse benefits, e.g., high efficiency [141], high power densities, and bidirec-
tional flow [144]. Balsamo et al., and Castellan et al. in [35,37] emphasise the importance of
the bi-directional capabilities of DC-DC converters for battery storage and ultracapacitors
in ship systems. Furthermore, DAB-resonant converters can operate at high frequen-
cies [145], allowing for reduced magnet and capacitor sizing. Soft-switching is achieved
with this configuration [146], reducing switching losses and noise [147]. Resonant topolo-
gies, however, can experience greater stress on switching and passive components [148].
Bidirectional DAB-resonant converters have been recommended to establish a connec-
tion between the charging station and the MVDC grid [145], and for the soft switching
capabilities, galvanic isolation and high efficiency are recommended [147].

Multilevel modular DC-DC converters can be implemented with an AC link between
the DC-DC input and output, which is also the case with the DAB MMC or with a direct
DC-DC architecture, as illustrated in Figures 16 and 17, respectively, where the symbol
SM signifies the submodule. A multilevel architecture allows for higher voltage gains for
connections to distribution systems [27,149]. DAB MMCs can handle high power and DC
voltage and have DC fault-blocking capability, with isolation benefits [150].

(b)

Figure 15. (a) Dual active bridge (DAB), (b) DAB-resonant converter.
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Figure 16. Dual active bridge modular multilevel converter.

The non-isolated MMDC can be separated in two categories; the push—pull and
the tuned filter topologies, shown in Figure 17, where SM represents the sub-module [151].
The tuned filter requires more filtering than the push—pull [141]. Several papers recommend
that high-power application DC-DC converters utilise a modular multilevel structure due
to the high step-up ratio [37,152], enabling near sinusoidal ac waveforms, compact size,
and low switching losses [148]. Such converters allow for large single stage step up/down
conversions due to their multilevel and modular nature [153] and DC fault blocking
capabilities [141]. The MMDC offers higher efficiency than the DAB-MMC at lower-voltage
step-up ratios, but this efficiency drops as the transformation voltage is increased [141].
Furthermore, MMDCs have significant reliability, as they utilise active redundancy, which
is important in offshore applications. However, the voltage balancing control of the MMDC
is considered complicated [154], and active redundancy results in a significant number of
semiconductor devices being required and available at increased costs. The reliability of
the MMDC is significantly greater than that of the DAB due to active redundancy; however,
in terms of grid connections, the importance of this factor has to be weighed with the other
parameters. Grid substations are easy to access and also do not face the harsh conditions
that an offshore collection platform would; therefore, reliability might not be of the same
importance for DC grids [155]. In terms of MVDC to HVDC grid connections, the benefits
of both DAB-MMC and the MMDC make them recommended for use in varying scenarios.
The galvanic isolation of the DAB-MMC provides guaranteed fault blocking capability,
yet the non-isolated MMDC with FB sub-modules can prevent fault propagation and are
generally recommended for lower step-up ratios between MVDC and HVDC grids [141].
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Figure 17. Push—pull and tuned filter MMDC.
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4.2. Smart Transformer

Smart transformers have been suggested as a method that can be used to control
hybrid networks and to provide ancillary services. According to [156], a smart transformer,
or a solid-state transformer (SST), is a collection of digitally controlled high-powered
semiconductors that enable the network to be controlled. It can increase or decrease
voltages, with the input and output of both AC and DC voltages being able to alter
the frequency levels, improving the stability of the power supply [157]. Reference [80]
claims that the high costs of the proposed STs are justified by these operation capabilities.

Liserre et al. in [158] provides a detailed overview on the possible role of the smart
transformer and the key architectures and ancillary services it could provide. The SST
essentially acts as the “heart of the system”, and its role is to interact with variable power
supplies, to gather information on demand and priority loads, and to provide intelligent
control of electric vehicles and other domestic loads. The ST could also interact with local
generators to control the grid frequency and to decrease power injections from the DC
side to avoid reverse power flow. The author of [159] displays MVDC-meshed hybrid
grids that can be created with STs and BESS. The ST allows three levels of connection:
MVDC, LVDC, and LVAC, and provides control systems for each converter, ensuring that
the voltage stability is maintained on the voltage buses during the voltage sag operating
mode. The control system compares the active power from the DG and injects the required
power from the MVAC grid.

There are several possible ST implementations, such as SPEN, that with funding from
OFGEM, have embarked on the LV Engine, a project that aims to aid in the uptake of
low-carbon technologies based on DC [156], with one such technology being the smart
transformer. As many loads, such as electric vehicles and heat pumps rely on DC, the LV
Engine project aims to design a smart transformer that provides a LV DC supply to
customers that will increase the transfer capacity of the network. According to SPEN, the ST
will allow for optimum phase voltage regulation at low voltages, optimum substation-
active power sharing, MV network voltage regulation (11 kV), the provision of a LVDC
customer supply, a modular design, and scalability.

The Shenzhen MVDC distribution project [89] implemented a DC SST with multiple
DAB cell modules. The smart transformers were connected at two points of the distribution
system for load connection.

Despite the aforementioned promising application of SSTs, the high cost that is asso-
ciated with most topologies has to be considered. Reference [158] predicts that SST will
not be mass produced in the near future and that only a few grid nodes will have them
installed.

4.3. IGBT and MOSFETs

For different MVDC technologies, there will be varying uses of IGBTs and MOSFETs.
Heat dissipation and switching losses are an issue with the ever-increasing power converter
penetration; therefore, improvements in semiconductor materials will significantly affect
the sector [160].

Silicon (Si) IGBTs dominate MMC converters for medium and high voltage applica-
tions, but wide bandgap semiconductor devices, e.g., the silicon carbide (S5iC) MOSFET,
would have superior performance, such as high-frequency capability and lower losses.
However, SiC semiconductors are more expensive than their Si-based counterparts [138].

IGBTs and MOSFETs also have an important role to play in protection and are primarily
used in DC solid-state circuit breakers (SSCBs) [84]. The advantages and disadvantages of
IGBTs and MOSFETs are highlighted in Table 2.
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Table 2. MOSFET and IGBT comparison for MVDC applications.

MOSFET (SiC) IGBT
Advantage Disadvantage Advantage Disadvantage
Low switching loss High conduction loss [161] Low conduction loss High switching loss
Higher switching frequencies High cost [138] Low cost Low switching frequency required
Improved thermal properties [162] Forward voltage degradation [163] Can withstand high short circuit currents Cannot block high reverse voltages
Higher voltage blocking [164] Reliability issues Low driving power [165] Generally unidirectional

Fast response [84]

5. Protection
5.1. Overview

Protection in AC systems is very advanced, with IEEE standards having already been
implemented for the grid, ship, and rail systems. However, there has been limited research
that has been conducted on DC protection [166] and commercially available products.
MVDC networks have no current zero-crossings and low DC impedances, [83] meaning
that the fault current will be high. Dealing with short circuit currents is predicted to be
a great difficulty in DC grids [84], and compared to AC systems, the protection in DC
will be much more complex [79]. This is partly due to the fact that in AC systems, power
flow is generally in one direction; however, due to bidirectional converters, a DC fault is
often propagated to all of the interconnected converters in DC systems [134]. The increase
in power electronics also adds to the system complexity in terms of protection. Power
converters are more sensitive to overcurrents and over voltages that transformers are, and
therefore, external protection is required [167].

Protection systems have the following requirements: sensitivity, selectivity, robustness,
reliability, and speed [134]. Reliability is of vital importance for all networks, grid distribu-
tion, microgrids, rail, and onboard ship systems [14]; therefore, DC protection must ensure
that DC grids are not frequently down due to common short circuit faults. The entire
protection system must protect the DC system and prevent any faults from propagating
into the connected AC systems.

5.2. System Protections

The key system protection components for developing DC systems will likely rely
on DC circuit breakers, fuses, disconnector switches, and surge arrestors. The DC circuit
breaker (DCCB) requires the greatest development in terms of the necessary components.
There are three key DCCB structures, i.e., mechanical CBs with active current injection,
solid-state CBs (SSCBs), and hybrid CBs [79].

Mechanical DCCBs have low on-state resistance, but their opening speed is slow,
and they require maintenance due to moving parts. They create an artificial zero-crossing
point for the current that is flowing through the mechanical breakers by activating the LC
resonance circuit [168].

SSCBs are defined by fast clearance times and less maintenance but higher conduction
losses due to the semiconductor devices in the main current path. IGBTs are commonly
used as the switches, and across the IGBT branch, a metal oxide varistor (MOV), which acts
as a surge arrestor, is connected to absorb the discharged energy, as shown in Figure 18.
Ultimately, the SSCB offers the fastest clearing time and the lowest fault current; however,
it has much greater power losses than the other two topologies, as detailed experimentally
in [79]. Continued development in semiconductor devices could lead to reduced SSCB
power loss. Several papers have investigated improvements to the SSCB, such as [169],
which implements an RC buffer branch due to its ability to clear faults quickly and to
resist very large currents. Reference [83] proposes an interlinked solid-state MVDC circuit
breaker (ISSCB). The author of [157] presents a SSCB for the protection of BESS terminals
from overcurrents. The SSCB comprises several IGBTs and diodes in series, increasing
the cost and the risk of complication.
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Figure 18. Solid-state DC circuit breaker.

The hybrid CBs that are illustrated in Figure 19 have the characteristics of both
mechanical and SSCBs, achieving faster response times than mechanical CBs, and have
the benefit of lower conduction losses than SSCBs [79]. These CBs do not achieve a clearing
time that is as fast as or that a fault current that is as low as that of a solid-state CB.
Furthermore, they are also large and require cooling systems [168]. Common topologies
are compared in reference [170].
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Figure 19. Hybrid DC circuit breaker.

Although DCCB technology is relatively new, there are several commercial examples.
Reference [5] details the selection process for the DC circuit breaker for the Zhuhai project,
where hybrid DCCBs are used. The mechanical switch in the main branch of the CB
provided low on-state losses, high reliability, and low maintenance costs. The metal oxide
surge arrester configuration branch would then limit over voltage.

In the SPEN Angle DC project, the DC circuit was installed with a manual disconnector
with a grounding switch to enable the circuit to be isolated. Therefore, a single fault in one
of the DC cables would be isolated from the circuit, with the rest of the circuit is still being
in service [4].

5.3. Converter Protection

Converter fault isolation methods will also play a significant role in DC grid protec-
tion [114]. Fault currents need to be quickly interrupted to avoid damage to the switches.
The author of [127] presents the issue of DC fault handling in MMCs, stating that after a DC
fault, the freewheeling diode in the converter acts as an uncontrolled rectifier that prevents
dc-fault isolation in a flexible DC system. HB MMCs cannot block DC fault currents nor
can 2L-VSCs [134]. Several papers have recommended FB MMCs for DC grids due to
their fault blocking capabilities [171,172]; however, other papers such as [127] suggest
still utilising an HB-SM with a double thyristor in order to reduce investment and power
loss. This would isolate AC/DC faults by generating symmetric fault points and short
circuits, after which the DC fault current can decay. The authors of [126,171] suggest hybrid
MMC configurations that utilise both HB and FB sub-modules, allowing for complete fault
handling capability whilst also being cost effective.

5.4. Control for Protection

Systems with DCCBs, FB MMC converter fault protection, and DC isolation switches
could all be utilised for DC fault operation with a fast response; however, the costs are
still significant in these developing sectors. Furthermore, even with the FB submodule
MMCs that block faults, there are associated short-term black outs that occur in the DC
network following the fault. Several papers have recommended various control systems
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to effectively utilise protection devices such as DCCBs whilst controlling the current
and voltage, ensuring fault ride through. The author of [102] highlights issues with
the ACCBs that are integrated in DC systems as well as with the DCCBs and MMCs in
MTDC networks and proposes a control system that enables reduced numbers of DCCBs
and that can respond during an MMC substation going offline. Reference [171] also
proposes an integrated protection control for limiting current, fault detection, and fault
clearance whilst maintaining the operation of healthy lines. In MTDC grids, it is important
to maintain network reliability and to enable faults to be detected and cleared quickly.

Protection control systems can also be integrated into other protection technologies,
such as DCCBs with current regulation, as detailed in [83]. The paper recommends a current
flow controller to prevent post-fault conditions where a faulty DC line is disconnected and
where overloading occurs.

6. Control of Converters for MVDC Systems

Control is an important aspect for MVDC networks. Several types of converter
controllers can be implemented in the different converters, depending on the control
objective, which can be focused on AC or DC network requirements.

6.1. DC-AC Converter Control

Figure 20 shows the control for a grid following VSC with a traditional current
controller that utilises vector control. This consists of the three-phase AC voltage from
the converter and grid being translated with the Park transform to the synchronous dq
reference frame, which effectively allows for DC control [173]. The grid to converter
connection is modelled as the Thevenin equivalent circuit, and the LCL is filter between
them. The resistance and inductance for the grid are R, and Ly, and for the converter, they
are R¢ and L. The Park transform utilises a phase locked loop (PLL) to obtain the angle
and angular velocity of the grid from the point of common coupling (PCC) and calculates
the dq reference frame voltages and currents. The outer loop calculates the power from
the measured currents and voltages and is able to obtain the reference currents from a power
and voltage reference. The inner current loop then passes through the dq-measured currents
and calculates the voltages Vlq and Vlq to be applied to the converter. This topology follows
the grid, which measures the grid voltage angle in order to regulate the power output [174].
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Figure 20. Traditional current control.
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With increasing power converter penetration comes system stability issues. The tradi-
tional AC grid has large rotating turbines that provide inertia to the grid. With the reduction
of synchronous generators and an increase in the number of power converters, the stability
of the grid is threatened as it would be during a frequency disturbance, because with a low
inertia system, the rate of change of frequency (RoCoF) is much higher, and the system can
be more easily destabilized. Inertia can be related to the active power that is injected with
the swing equation [175]:

dAw

P =JAw—= — DAw @

which, in turn, controls the rate of change of frequency. Where P is the stored power, ] is
the inertia constant, w is grid frequency, and D is the droop coefficient.

Inertia emulation and control have been researched for many years now in order
to enable decoupled renewable energy sources to provide inertia to the AC grid, similar
to synchronous generators. One method to combat low inertia is with the grid forming
converter, the virtual synchronous machine (VSM), which is shown in Figure 21, which
emulates inertia and the characteristics of the synchronous machine; a topology of an ex-
ample VSM is given in [176]. Unlike the grid-following topology of Figure 20, there is
no PLL to estimate the grid angle. Voltages and currents, V. and I, at the PCC are
fed to the peak calculator to obtain the peak and to calculate the measured power P,
which is attracted to the reference power. The voltage controller loop controls the voltage
magnitude at the PCC, and the power loop PI controller acts as the swing equation and
emulates the response of a synchronous generator [175].
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Figure 21. Virtual synchronous machine general control.

The traditional current controller can also be modified to implement inertia emulation
by adding a branch proportional to the rate of change of frequency to the power reference,
as detailed in [177]. VSC control between AC and DC systems will utilise such control
methods and will continue to face inertial issues. Power injection and absorption to the DC
grid must also be balanced.

The utilisation of VSCs in MVDC networks provides significant ancillary services for
both the DC and AC interconnected grids. Aithal et al. in [160] proposes the control of
an MVDC link, highlighting the benefits of each VSC connection having its own separate
control system. References [20,22,24,79] and extensive literature agrees with [160] that
the VSCs at each node provide flexible control and DC voltage balancing. The operating
modes (all four of the P-Q plane quadrants) are all available to the network operator, with
continuous control of the set points, all whilst fixing the DC link voltage. Castelo De
Oliveria et al. in [178] experimentally tested the flexibility of AC-DC links and claimed
that the main priority of DC operation is to provide the ancillary services that are required
by the grid (as well as increasing power capacity). The paper concluded that the VSC con-
trolled the DC link effectively and that it was capable of switching from power transmission
to shunt FACTS.
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6.2. DC Control

The primary concern of DC control is the ability to maintain a stable DC voltage
at the DC bus and in any submodules, arms, and branches in a converter if they are
present. In MTDC systems, DC voltage control is achieved with master—slave control,
voltage margin control [179], and droop control [180], as shown in Figure 22. Traditionally,
the “master—slave” control structure has been adopted [181], which is a centralised DC
voltage control method. The master controller operates in constant DC voltage mode and
the other controllers, the “slave” terminals, operate under constant power mode. This
method can produce highly accurate operation with the master converter, ensuring that
the DC voltage is kept at the reference voltage [182].

Voltage margin control extends the master—slave technique; however, it allows wherein
VSC becomes the DC voltage controller [183]. The VSC operates within the P-V 4. charac-
teristic.

However, centralised DC control has several drawbacks, such as poor transients,
with just one controller controlling DC voltage level, and it also relies on fast communica-
tion [182]. Furthermore, for both the master-slave and voltage margin controls, if there is
an outage in the DC voltage controller, the voltage of the whole system becomes unstable;
hence, droop control is preferable.

Hence, distributed DC voltage control has since been suggested to reduce dependence
on fast communication [180]. Each converter has a DC voltage droop controller and one
controller controlling the AC active power. Droop control offers better stability during
VSC outages on the system compared to voltage margin control. The DC bus voltage is
maintained across the DC link, which can be achieved using Equations (2) and (3).

PECM = kdroop(E:ec - EDC) ()

Pl*)Ci,w = kdroop(EDC - E;fec) 3)

where Ppgrec is the reference power, kjyoop is the droop gain, Eio is inverter voltage offset,
and E,.. is the rectifier offset [184].
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Figure 22. Voltage droop control.

6.3. Network Level Control

Traditional AC distribution grids conventionally have power flow in one direction,
with the high levels moving down to the AC distribution grid. An AC/DC hybrid grid
could enable the AC distribution grid to be interlinked with a DC distribution grid at
varying levels, offering flexibility with decentralised control, easing the integration of
distributed renewables.

Two methods of communication in the AC/DC hybrid grid could exist: the con-
ventional grid communication network and non-utility-based networks such as the IoT,
as shown in Figure 23 [185]. In a traditional communication structure, the distribution
operator (DO) was entirely in control of the distribution reliability and communication.
Increasingly, distribution grids are developing to be able to contain distributed renewables,
which might not be controlled directly by the DO but rather by the energy services organi-
sation (ESO). This communication is through the internet and communicates with the DO
and an independent system operator (ISO).
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Figure 23. (a) Traditional control communications compared to (b) AC/DC hybrid grid communica-

tions.

However, these AC/DC systems, with their increased flexibility and power flow
complexity, have new demands and dynamic issues [186]. MVDC distribution grids
also tend to have an increased geographical range with increased DERs and load and
power fluctuations that significantly affect system operation and control [187]. MVDC
distribution is also characterised by high converter penetration with extensive voltage and
power control. Fast and reliable communication is required for this extensive controllability
and requires the use of units such as phase measurement units (PMUs) and synchronous
DC Measurement Units (SynDCs) [188]. A central DC redispatch to perform recalculations
during a DC or AC contingency is essential in multiterminal grids. When a power converter
disconnects, the redispatch restores power exchange and redirects power flow from one
area to another [184].

7. Conclusions

This paper has presented a complete review of the applications of MVDC systems
along with the possible benefits that are offered by the adaption of this technology. System
topologies, hardware, protection, and control were discussed.

The four main MVDC applications that were reviewed in this paper were shipboard
systems, rail, offshore wind collection, and distribution grids. For rail systems, the lower
end of MVDC technology is already in use for tram, metro, and subway systems; however,
long-distance travel with MVDC is being suggested at higher voltages of around 10 kV,
and the recommended voltage for high-speed railways is 20-30 kV.

For shipboard IPSs, MVDC power systems are emerging as an alternative to AC
systems with heavy transformers. The industry has had IPSs available for several decades;
however, the system was traditionally AC-based. Further to this, to improve efficiency,
fuel economy, and power quality, all-electric ships are emerging in the industry [42], as
developments in power electronics, namely MMCs, in shipboard systems offer voltage
and power scalability [10,132] and FB sub-modules; they also have good fault blocking
capability [134]. MVDC systems offer more flexibility in the on-board network structure
compared to traditional AC systems, which are often radially distributed. Using an MVDC
grid could improve system controllability and could improve security and reliability [33].

Distribution grids are beginning to introduce MVDC links and DC grids. MVDC
interties will enable the use of SOPs to provide ancillary services to the grid [25]. There
are several examples of DC links [87,88], and small DC distribution networks have been
developed in southeastern China [89,90]. Multiterminal DC grids will likely develop in
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commercial industries, grids, and interties with HVDC systems [26]. The technology that
is required for MVDC distribution grids is available, as MVDC systems have the flexibility
of utilising 2L and 3L VSCs as well as MMCs. The 2L and 3L converters could be utilised
at voltages of up to around £10 kV DC [126], and MMCs could provide the required step
that needs to be taken before for higher voltages can be used. For DC-DC connections,
multilevel DAB converters and MMDCs are suggested in the literature. The MMDC
has higher efficiency and reliability but no galvanic isolation. For projects [4,5,90,92],
the voltage can range from 10 kV to 27 kV. This will likely be the mean distribution range,
but there may be an extension of up to 50 kV or to even 100 kV for distributed renewable
connection.

However, offshore wind collection is still being developed, and there are currently
no active MVDC collection systems. The lower weight of MVDC collection substations
compared to AC collection or HVDC substations could significantly reduce the capital cost
of the system [68]. MMC technology could achieve the high step-up ratios that are required
and has good short-term reliability with active redundancy, but the long-term survival of
the technology in offshore conditions is still under investigation [93].

The protection mechanisms that are implemented in DC grids will have to ensure that
faults are not propagated from the DC to the AC side and vice versa. Three categories
of DC circuit breakers are continually being developed: mechanical, solid state, and
hybrid. The SSCBs are the fastest; however, they have significant losses, so hybrid DCCBs
have become the most common. The fault propagation from one AC system through
a DC link has been highlighted as a concern in the literature [189]. However, it has been
suggested that existing AC protection systems can be updated for MVDC protection [190].
Damping the oscillations between multiterminal DC grids with AC connections is also
being investigated in the literature [189,191].

MVDC systems offer several benefits for the applications presented in this paper, from
flexibility, controllability, and reliability to increased capacity. Continued developments in
DCCB technology are still required to improve costs and power losses in SSCBs. However,
the technology is available and is being utilised for rail, shipboard, and distribution systems,
and MVDC systems could begin to take prevalence on the electrical stage.
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