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Abstract—Transmission and distribution networks based on
medium voltage direct current (MVDC) solutions have the
potential to provide higher power quality, greater power trans-
mission/conversion efficiency, enhanced power supply reliabil-
ity/stability, improved power supply capacity, and more efficient
corridor utilisation compared to an equivalent ac system. More-
over, MVDC networks can facilitate the integration of renewable
energy sources (RESs), energy storage systems (ESSs), and the
increasing number of dc loads. However, these systems are
still in early development stages; their advantages in need of
clear demonstration before large-scale commercial adoption. This
paper explores general MVDC network structures and different
application scenarios focusing on cases of particular interest to
Australian power systems and to Australia in general. Areas
of interest are identified and equipment requirement, protection
schemes and related challenges are also discussed, highlighting
both technical barriers and possible development directions.

Index Terms—Medium Voltage Direct Current (MVDC), Re-
newable Energy Sources (RESs), ac/dc converters, dc/dc convert-
ers, MVDC protection.

I. INTRODUCTION

Direct current (DC) power systems have experienced sub-
stantial growth in the last two decades due to their techno-
logical advances and suitability to certain applications, such
as high-voltage dc (HVDC) transmission [1] and low-voltage
dc (LVDC) microgrids [2]. A future power system will see
the co-existence of alternating current (AC) distribution and
transmission networks in parallel with dc systems at different
voltage levels. Medium-voltage dc (MVDC) (i.e., systems with
dc voltage typically between ±0.75 kV to ±50 kV [3]) has
the potential to play a significant role in sub-transmission,
distribution and collection grids, supporting the integration
of large-scale renewable energy sources (RESs) and different
energy storage systems (ESSs) [4]–[7] and the transition
to power electronics dominated power systems. Moreover,
decoupling of different MVAC grids can be achieved by using
voltage source converter (VSC)-based back-to-back (BTB)
configurations at MV voltage level, which can provide voltage
support and independent power control for adjacent ac grids.
The VSCs of an MVDC system can also be used as static
synchronous compensators (STATCOMs) to enhance the relia-
bility of ac grids at MV level [8]. Besides the above mentioned
grid-connected systems, the use of MVDC solutions in ship-
board drives and traction power supply system (TPSS) has also

attracted broad attention in both academia and industry [9],
[10].

Compared to conventional MVAC systems, MVDC net-
works offer a number of additional benefits. They are mainly
manifested in the following aspects: i) improved power supply
reliability and stability, ii) enhanced power supply capacity, iii)
greater power transmission/conversion efficiency, iv) higher
power quality, and v) more efficient utilisation of available
power supply corridors [3], [11]. The substantial growth of dc
loads combined with integration of distributed RESs and ESSs
also drive the need for further development of MVDC systems.
Of particular note is that the MVDC systems are different
from the conventional dc microgrids, since the latter is mainly
used in LV scenarios based on simpler network structures (i.e.
typically using one dc bus with a single interface to an ac
network) [12].

MVDC is still in its infancy with regards to commercial
applications; relevant demonstration projects have just started
been carried out over the last decade. Initial studies towards
MVDC systems are conducted from the concept of flexible
dc distribution network projects. An example is the 12 kV
“Future Renewable Electric Energy Delivery and Management
(FREEDM)” MVDC distribution system architecture that ex-
plored the integration of distributed RESs and ESSs. This
study also provides technology requirements from dc-to-dc
conversion, fault isolation to grid intelligence in an MVDC
system [13]. In a similar fashion, the 10 kV campus MVDC
distribution system at Aachen University [14], among other
trial MVDC projects, demonstrates the potential of MVDC
solutions in future power grids. The Angle-DC in the UK is the
first MVDC sub-transmission project (dc-link) that converts
existing double-circuit lines from 33 kV ac to ±27 kV dc [15].
The Shenzhen Baolong [16], Zhuhai Tangjia Bay [17], and
Suzhou industrial park pilot [18] MVDC project are three
representative MVDC distribution projects that demonstrate
integration of photovoltaics (PVs), battery ESSs (BESSs),
electric vehicle (EV) chargers, and power delivery to different
ac and dc loads at a single location using MV network
topologies and solutions.

The case for MVDC solutions in a future power system
needs to consider both the requirements of a specific applica-
tion and the unique characteristics of certain distribution and



transmission networks. To this extent, and with the current
conditions in Australia in mind, this paper aims to be the
first exploration of possible applications of MVDC systems
in Australia, identifying a number of use cases where MVDC
solutions have the potential to enhance current practice. The
second aim of the article is to draw a possible and plau-
sible future Australian MVDC “grid map” accounting for
the structure of MVDC networks in different applications
and hardware requirements for future project developments
in a way that potential Australian MVDC systems can be
developed to adapt to existing ac and dc networks and manage
the interactions between generation and consumption at all
levels and stages. Protection schemes related to system and
converter layers are discussed as well. The challenges of
MVDC networks in Australia are further explored identifying
potential development bottlenecks that need to be addressed
for successful application.

Australia is also one of the world’s solar resource-rich
countries and has the highest average solar radiation per square
metre in the world. The total installed PV capacity is above
26 GW [19], and it could reach to 80 GW in 2030 [20]. In
addition to the PVs, approximately 35% RESs of Australia is
provided by wind farms (WFs) in 2020, which also accounts
for 9.9% (more than 7 GW) of annual electricity generation
in Australia [21]. ESSs are also finding wider adoption in
Australia including large-scale commercial and residential ESS
installations. The installed capacity of residential ESSs is
238 MWh with 23,796 batteries in 2020 [21] .The elimination
of dc to ac conversion stages through MVDC networks would
facilitate the integration of abundant RESs and ESSs in Aus-
tralia, thereby enhancing conversion efficiency. At the same
time, most electricity is consumed in major load centers. Major
cities, such as Sydney and Melbourne, are also the power
load centers of Australia. MVDC can provide higher power
in these dense regions with limited line corridors, such as
large-scale commercial zones, hospitals and schools, compared
to the current MVAC grids [8]. In addition, long distance
power supply in Australia is necessary for satisfying the power
demand in non-commercial and remote areas. Due to the
lower voltage drop in dc transmission lines, the power supply
distance of MVDC systems would be longer than equivalent
MVAC when delivering the same power [11].

The rest of the paper is structured in the following manner.
Section II describes potential MVDC networks in Australia.
Section III provides equipment requirements and protection
schemes, while the current and ongoing challenges are dis-
cussed in Section IV. Section V draws the conclusions of this
article.

II. POTENTIAL MVDC NETWORKS IN AUSTRALIA

A. General MVDC Network Structures

An MVDC network can act as an intermediate link in
large power systems that allows coordination between ac and
dc systems at different voltage levels. Four potential MVDC
network structures, corresponding to different development
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Fig. 1. Future MVDC network structures: (a) structure with no loads
connected into dc bus, (b) structure with loads connected into dc bus, (c)
structure with HVDC grid connection, and (d) structure with ac systems
replaced by dc systems.

options can be identified. The first option considers intercon-
nection between two or more ac nodes via an MVDC link,
while no loads are connected into dc bus (Fig. 1(a)). Fig. 1(b)
(second development stage) demonstrates a similar structure to
Fig. 1(a) including integration of PV, wind, ESS and different
ac/dc loads as part of the MVDC grid. In addition, HVDC
systems can also directly deliver power to MVDC grids by
dc/dc converters; the third development option (Fig. 1(c)) [22].
Dc/dc converters for HVDC or MVDC applications are not
commercially available at current stage, hence there are op-
portunities to explore effective dc-to-dc conversion solutions
linking the dc voltage at HV and MV levels.

Other options that can be considered as the dc systems re-
placing ac systems from transmission to distribution networks
and ac loads replaced with dc loads as shown in Fig. 1(d).
However, HVAC will remain the main power delivery mode
over a long period considering the limited number of current
HVDC projects in Australia. Hence, based on current and
future trends, the first two general structures are identified as
more suitable to Australian applications for development of
MVDC networks; at least in the current point in time.
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B. Specific Australia-oriented MVDC Application Scenarios

1) Metropolitan Zones and Load Centers: Conventional
MVAC networks in growing metropolitan areas need to ad-
dress, among other power supply limitations and constraints,
issues with limited line corridors, which hinders or delays
any further increase of power transfer capacity. The power
supply radius of an MVDC system is greater compared to an
equivalent MVAC system due to the higher acceptable line
current and dc voltage level. Moreover, the required corridor
for the MVDC is smaller than the MVAC when transferring
the same power [3]. Therefore, it can be beneficial to consider
the development of MVDC networks to augment or gradually
replace the current MVAC networks in city load centers to
accomodate the increase of power supply requirements. Fig. 2
shows an example of such an MVDC network, serving the
main loads in city centers.

Partial modification of current ac distribution networks is
another potential solution towards accommodating the increas-
ing power demands in load centers of metropolitan regions.
The MVDC voltage level would be selected according to the
current ac distribution voltage level (e.g., ±10 kV dc would
be recommended to match the 11 kV ac).

2) Industrial Parks and University Campuses: Highly-
centralized power supply is required in industrial parks or
university campuses. An MVDC network can offer power
supply reliability and stability of critical loads within these
areas, due to no regulation requirements of phase angle and
frequency in conventional ac systems [8].

Industrial parks or university campuses could also act as
MVDC demonstration projects (see Fig. 3) for verifying the in-
tegration feasibility of RESs, ESSs, EV chargers, data centers
and other ac/dc loads, because of the location independence
and load concentration. MVDC with ±10 kV and ±20 kV can
be used to match the typical 11 kV and 22 kV ac distribution
networks, while a power rating of a few MW is usually
required in industrial parks or university campus with a certain
scale.

3) Remote Communities: The main power supply character-
istics of remote communities in Australia, such as those found
in Western Australia, Northern Territory etc, are long distances
and load decentralization. Moreover, 2% of Australia’s popula-
tion, living in off-grid regions, relies on electricity generated
by diesel or natural gas generators, leading to high energy
costs [23]. RE integration together with ESS can lower energy
costs and reduce carbon emissions for isolated communities,
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Fig. 4. MVDC in remote communities.

and a typical case is King Island hybrid energy solution [24].
A possible MVDC network for remote communities is shown
in Fig. 4.

In many cases, the load is not sufficient to justify expansion
of an LVDC microgrid to an MVDC system, however, when
sufficient generation and load can be identified, the adoption
of an MVDC system in these communities will allow the
easier and more direct integration of REs and ESSs, and power
losses caused by long transmission line in conventional MVAC
systems can be reduced as well.

4) Mining Sector: Australia is rich in mineral resources
with more than 400 operating mines, which consume roughly
10% of Australia’s total energy. The current trend is to inte-
grate RESs for reducing the reliance of fossil fuels, especially
the diesel and natural gas, in mining districts of Australia [25].
Compared to ac systems, fewer stages of power conversion are
required if MVDC is used for integrating wind and solar PV.
In addition, MVDC networks in mining sector would facilitate
the integration of ESSs storing the excess power generated by
RESs. An MVDC network structure similar to that of remote
communities (Fig. 4) can also be used to support power supply
in remote mining sites.

5) Renewable Energy Collection Grids: MVDC presents
many benefits in power collection for large-scale solar PV
plants and offshore wind farms compared to MVAC sys-
tems [8]. These include elimination of dc-to-ac converters and
bulky step-up transformers. With the development of large
and further growing ratings of PV plants in Australia, MVDC
collection grids (Fig. 5(a)) offer a major opportunity. In such
applications, common solutions would, most likely, operate
at a higher voltage level for reducing losses and improving
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efficiency [3].
Although no offshore wind farm projects are currently

operating in Australia there are proposals for development of
multi-GW projects, in which case MVDC would be a potential
candidate for power collection of future offshore projects. The
collection bus voltage is typically in the range of ±25 kV to
±50 kV based on [26]. A possible MVDC collection scheme
for offshore wind farms is shown in Fig. 5(b). It is noteworthy
that the renewable energy zones established in different states
of Australia also have opportunities to be linked by MVDC
grids [27].

6) AC Network Augmentation: MVDC can be used to
link distant nodes for improving power capacity, enhanc-
ing different voltage profile, and optimizing network losses
(Fig. 5(c)) [28]. It can be specifically used in the modification
of the end-of-lines and in regional ac grid interconnection
below sub-transmission voltage levels (e.g. 33 kV) to improve
power capacity and quality. The recently commissioned Angle-
DC project (±27 kV, 30.5 MW) in the UK shows the feasi-
bility of such modifications. The dc voltage can be ±27 kV
to ±30 kV to match the also used 33 kV ac in Australia.

III. EQUIPMENT REQUIREMENTS AND PROTECTION
SCHEMES

A. Converter Requirements

1) AC/DC Converters: Ac/dc converters used in the MVDC
can be generally classified into: i) conventional and modular
multilevel VSCs [16], [17], [29], ii) two-level (2L) and three-
level (3L) VSCs [15], and iii) 6-pulse and 12-pulse LCCs [7].
VSC-based converters, especially the modular VSCs such as
the modular multilevel converter (MMC) [30] and the alternate
arm converter (AAC) [31], would be the dominant convert-
ers in future Australia’s multi-terminal MVDC systems and
MVDC grids, owing to the flexible power reversal capability.
Fig. 6 shows the schematics of several typical VSCs including
the 2L-VSC, 3L-VSC, MMC and the AAC [8].

MMCs with different submodules (SMs) has been widely
used in HVDC projects, due to their salient features such
as modularity, scalability and excellent harmonic perfor-
mance [32]. Recently commissioned MVDC demonstration
projects in China also adopt MMCs as ac/dc converters [16],
[17], [29]. Since a smaller number of semiconductor devices
are required in ac/dc converters with MV level, it is also
possible to compare the performance of different VSCs and
the modular VSCs with various SM configurations [32].
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2) DC/DC Converters: Dc-to-dc conversion is also likely
to have a major role in MVDC grids, since it can realize the
change of voltage levels in different dc buses. Isolated dc-dc
converters can provide galvanic separation, facilitating high
voltage-ratio applications and allowing different grounding
schemes between the MVDC grids and the dc loads. Non-
isolated dc-dc converters, while not been used in the current
MVDC projects, have smaller size and simpler structure than
the isolated dc-dc converters [33].

The requirements of high power density, high efficiency,
low filtering effort and galvanic isolation drive the rapid
development of isolated dc-dc converters [33]. Dual active
bridge (DAB)-based dc-dc converters and extended modular
multilevel structures have been studied extensively in the
current literature; some have been successfully applied in
currently commissioned MVDC projects, such as the DAB
converter (Fig. 7(a)) in Aachen campus MVDC [14] and Shen-
zhou Baolong Industrial Park project [16], and the modular
DAB (MDAB) (Fig. 7(b)) converter in the Zhuhai Tangjia
Bay project [17]. It is noted that dc-dc converters require
further development, since there are limited and mostly ad-
hoc solutions, especially in MV and HV applications.

B. Protection and Relevant Equipments

1) System Protection: Protection of an MVDC system can
be divided into i) ac system protection and ii) dc system
protection. In order to interrupt fault current during ac and
dc faults, a direct approach is to install ac or dc circuit
breakers (ACCBs and DCCBs) in the ac side and the dc link,



respectively [15], [34]. The dc fault can also be cleared by
tripping any ACCBs and later opening dc isolators without
installing DCCB. In addition to CBs and isolators, surge
arrestors and fuses are also important protection components
in MVDC systems for providing overvoltage and short-circuit
protection [8]. It should be mentioned that MVDC systems
have shorter line fault detection, location, isolation and system
restoration time compared to MVAC systems, although dc fault
currents should be reduced by proper schemes [35].

2) Converter Protection: Protection of converters is also
critical in MVDC systems, necessitating protection schemes
adopted for ac/dc and dc/dc converters. The protection of ac/dc
converters during dc faults is significant for avoiding switch
damage. The current study mainly focuses on the protection
of the MMC in the MVDC application. Bipolar SMs used
in the MMC can self-interrupt dc fault current with reduced
investment of DCCBs or without configuring DCCBs. An
integrated control and protection scheme is studied in [36] and
MMC with full-bridge SMs is adopted for reducing the number
of DCCBs. MMC based on clamp double SMs (CDSMs) is
reported in [37] with a current correlation protection algorithm,
while different hybrid SM schemes are proposed in [38], [39].

The protection of dc-dc converters can be classified into
protection against short-circuit faults (SCFs) and open-circuit
faults (OCFs). SCF has to be isolated immediately, while the
power transfer can still be accomplished during OCF in a short
time [40], [41].

IV. CURRENT AND ONGOING CHALLENGES

A. Grid Structure and Converter Availability

Examples of possible grid structures that can be applied
in future MVDC grids of Australia have been described in
Section II. Although many grid structures can be employed,
there are, at least at this stage, no standards or MVDC grid
codes to adopt for any structure selections. Different VSCs,
especially modular VSCs, are suitable ac/dc converters for
MVDC. However, limited experience can be offered by only
a few VSC-based MVDC projects, and the current literature
mainly focuses on VSCs in high power and HV applications.
Although plenty of dc/dc converters have been proposed for
MVDC applications in the current literature, such as res-
onant dc/dc converter [42] and current source-based dc/dc
converter [43], they are still under development and their
reliability should be further guaranteed.

B. Interaction between MVDC and MVAC

Researching how to coordinate the operation of MVDC and
MVAC networks is of great significance to further develop-
ment of MVDC systems. The coordinated operation of MVDC
and MVAC systems, particularly the transient fault processes,
will have inevitable effects (such as overcurrent and stability
issues) to each other. Transient capacitor discharging currents
in VSCs during dc faults will lead to current increase in the ac
system. In addition, ac voltage sags and unbalance will occur
during ac faults, which further influence the normal opera-
tion of converters [3]. Thus, coordinated protection schemes

should be explored and developed, to isolate faults effectively
considering the interactions between MVDC and MVAC grids.

C. DC Fault Handling Capability

DC fault handling capability is one of the significant chal-
lenges of future MVDC grids. Although MV-DCCBs can be
used to clear dc faults, they are still under early development.
Modular VSCs with bipolar SMs have dc fault self-clearing
capability at the cost of high investment and power losses.
For instance, ACCBs and dc isolators are used in Angle-DC
project for handling dc faults [28], but such a scheme may
not be suitable for future large and complex MVDC grids,
mostly due to the low response speed of ACCBs. In addition,
the detailed system performance under dc faults with BESS
integration should also be considered in an MVDC system.

D. Investment Costs

In an MVDC project, the lines, VSCs, dc/dc converters,
secondary equipment and lightning protection equipment typ-
ically account for around 40%, 25%, 15%, 15% and 5% of
the total costs, respectively [3]. The additional introduction of
VSCs and dc/dc converters will result in higher investment
costs for MVDC networks than that of MVAC networks;
advantages offered by an MVDC system need to justify such
additional costs. Moreover, DCCBs have to be installed in
MVDC projects without dc fault self-clearing capability. The
structure of DCCB is complex and DCCB at MV level is
still in the initial development stage. Hybrid DCCBs present
characteristics of rapid current interruption and low volt-
age withstand by combining mechanical switches and power
semiconductors, while the structural complexity brings about
considerable investment costs [34].

V. CONCLUSION

MVDC systems have the potential to offer promising so-
lutions that can augment or replace current ac systems at
MV level due to their salient benefits. These include the
optimisation in the use of power supply corridors, the improve-
ment of power transmission/conversion efficiencies, and the
enhancement of power supply capacity, quality, reliability and
stability. This paper explores options and potential applications
of MVDC systems focusing on the equipment requirements
and applications that relate directly or indirectly to use cases
and conditions in Australia and the Australian networks.
Current grid layouts in the metropolitan areas, industrial zones,
remote communities/mining districts can be optimised via
constructing MVDC networks. Collecting power generated by
large-scale PV plants and offshore wind farms via dc buses
at MV level would eliminate multiple dc-to-ac conversion
stages and bulky transformers. MVDC collection grids can
facilitate the integration of current PV plants in Australia
and future offshore wind farms. In addition, remote ac nodes
can be connected via MVDC networks, which can achieve
power capacity improvement, voltage profile enhancement,
and network loss optimisation.



Additional protection schemes have to be adopted either in
system or converter layer, and bottlenecks for the development
of MVDC networks, including the grid structure selection,
converter availability, interaction between MVDC & MVAC,
dc fault handling capability, and investment costs need to be
further researched.
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