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Abstract

This paper experimentally demonstrates highly efficient and emission-free operating modes of marine DC microgrids by inte-
grating energy storage systems. Laboratory-scaled DC microgrids including a central controller are established to mimic marine
low-voltage DC microgrids, commercially built. Two supercapacitor banks are employed in the DC microgrids as integrated
energy storage. With the microgrids, three operating modes which are available in DC vessels with integrated energy storage
are experimentally demonstrated: load leveling - keeping generator loads within generator’s optimal operating ranges and min-
imising a number of running generators by charging energy for light load and discharging it for overload, transient mitigation -
improving transient system performance and reducing transient engine emissions by fast-response energy storage systems, and
zero emission - shutting down onboard generators while in a port with electrical power supply from energy storage systems or
onshore power grids. Furthermore, potential benefits of the above ship operating modes are discussed from the experimental test
results. This study proves that the integrated energy storage can provide high potential for the energy savings as well as allow for
achieving zero-emission ports.

1 Introduction

A shipping industry is one of the top sectors that produce
greenhouse gas emissions. To counteract the impact on the
climate change, International Maritime Organization (IMO)
adopted energy-efficiency regulations in 2011 - Energy Effi-
ciency Design Index (EEDI) and Ship Energy Efficiency Man-
agement Plan (SEEMP) [1]. In accordance with the EEDI as
presented in Tab 1, newly constructed ships of 400 gross ton-
nages and above have to increase the energy efficiency to meet
the reduction rates, defined over the three phases. Finally, by
2025, the ships have to be designed to have 30% less energy
consumption than those built in 2004.

Table 1 Reduction percentages to comply with EEDI [1].

Ship Type Phase 1 Phase 2 Phase 3
2015-2019 2020-2024 2025

Bulk carrier 10 20 30
Gas carrier 10 20 30

Tanker 10 20 30
Container ship 10 20 30

General cargo ship 10 15 30
Refrigerated

10 15 30
cargo carrier

Combination carrier 10 20 30

On the other hand, there have been active movements to
power vessels by zero-emission fuels in a port (a short term
goal) and during deep-sea shipping (a long term goal). To
achieve the zero emission, burning fossil fuels that are still the
main energy sources has to be avoided. In other words, any
form of energy loaded on the ship has to be transformed into
electrical energy as the electrical energy can be converted into
many forms without carbon dioxide emissions.

The energy efficiency regulations and the zero-emission
movements are creating incentives for the energy storage inte-
gration into the onboard networks. Moreover, technological
advancements in power and energy density of ESSs (especially
lithium-ion battery systems), followed by the cost reduction,
have accelerated the ESS integration into the networks (see Fig.
1). Under this recent trend, this study is conducted to investi-
gate how to utilise ESSs in marine DC microgrids for highly
efficient and emission-free ship operation.

For the study, two-bus DC microgrids are implemented, con-
sisted of two power supply sets connected through a solid-state
bus-tie switch (BTS), two supercapacitor banks controlled by
DC-DC converters (act as ESSs), three resistive loads, and a
main controller. In scaled-down marine DC microgrids, three
ship operating modes are experimentally demonstrated with in-
depth discussions on potential benefits: load leveling - reducing
large fluctuations in actual generator loads, transient mitigation
- improving transient system performances, and zero emission
- powering ships without carbon dioxide emissions.
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Fig. 1 Ships with installed battery energy storage systems [4].
Up to now battery energy storage systems have been installed
in nearly 200 ships.

2 Two-Bus Marine DC Microgrids

This section describes hardware components of the imple-
mented DC microgrids, rated 35 kVA and 500 VDC. The DC
microgrids are composed of two DC motor-synchronous gen-
erator sets, two rectifiers, a solid-state BTS, busbars, two super-
capacitor banks, two DC-DC converters, and three resistive
loads, as depicted in Fig. 2 and summarised in Table 2.

2.1 DC Motor-Synchronous Generator Sets

Whereas the microgrids are formed with DC, power generation
is still relied on matured and cost effective AC technologies,
i.e., the combination of an electrical generator and an engine (a
prime mover). To mimic this combination, a DC motor driven
by a thyristor power converter is combined with a synchronous
generator for each power generation set. The utilised automatic
voltage regulator (AVR, ABB Unitrol 1005) is for AC volt-
age regulation (lack of the DC regulation function), and thus, a
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Fig. 2 Schematic diagram of the implemented two-bus DC
microgrids.

Table 2 Specification of main components in the implemented
DC microgrids.

Component Specification
GEN1 (AVR) 10 kVA, 380 V, 50 Hz (Unitrol 1005)

GEN2 (AVR) 25 kVA, 380 V, 200-400 Hz (Unitrol 1005)

Rectifier Six-pulse diode rectifier (670 V, 91 A)

BTS Solid-state type (600 V, 100 A)

ESS Two supercapacitor banks (2 x 160 kJ)

DC-DC
Two half-bridge modules (800 V, 32 A)

Converter

Load Three resistors (2 x 2.5 kW and 1 x 3 kW)

central controller (implemented with Pixsys TD820) helps the
AVR regulate the DC voltage by providing an AC reference in
proportion to a DC voltage error.

2.2 Rectifiers, BTS, and Loads

A three-phase six-pulse diode rectifier (SEMIKRON SKKD
100/16) including DC-link capacitors at its terminal is
employed to each generator set for the rectification. An over-
sized diode rectifier (670 V and 91 A) is installed to conduct
various tests.

A solid-state BTS, available in the laboratory, is integrated
into the microgrids. The BTS has a topology of a four-quadrant
switch configuration with one IGBT module and a current lim-
iting reactor [5, 6]. With this topology, the BTS allows for
bi-directional power flows and ultra-fast current interruption
(several tens of microseconds) [5].

Two of 2.5 kW resistive loads and one of 3 kW resistive load,
available in the laboratory, are connected to the microgrids.

2.3 ESSs with DC-DC Converters

Due to lack of access to suitable batteries for the microgrids,
alternative technology (supercapacitor bank) is used, without
major negative effect on the performances that this paper aims
to demonstrate. Two pairs of two supercapacitors are connected
in series and then these series-connected supercapacitors are
wired in parallel. With this configuration each supercapacitor
bank is rated for 160 kJ.

These supercapacitor banks are coupled in the microgrids
via DC-DC converters. Two of half-bridge power modules
(Imperix PEB 8032, 800 V and 32 A) are used for controlled
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Fig. 3. Block diagram of DC-DC converter control.
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charging and discharging of the supercapacitor banks. As pre-
sented in Fig. 3, the supercapacitor banks can be charged by
modulating the upper IGBT (IGBT1 in Fig. 2), acting as a buck
converter. On the other hand, the DC-DC converters can boost
the DC-link voltage with the PWM switching of the lower
IGBT (IGBT2 in Fig. 2). The power input of the converters
can directly be set or can be calculated by the DC power droop
characteristics implemented in the DC-DC converter controller
(Imperix B-Box RCP), as shown in Fig. 4. In this study, the
direct power reference is fed to the converter controller for the
load leveling. On the other hand, the transient migitation and
zero-emission modes rely on the power droop control.

3 Load Leveling

The power demand of ships is highly dependent on ship oper-
ating modes [7]. In case of long-distance cruising (a normal
seagoing mode), it consumes the minimum electrical power
and its profile may be stable. On the other hand, the dynamic
positioning mode in harsh weather conditions requires the
maximum number of running generators, and also the power
demand in this condition is heavily fluctuated depending on
wind, sea-wave, and so forth. The effectiveness of the ESS inte-
gration can be maximised for such dynamic positioning ships,
e.g., shuttle tankers, drillships, and platform support vessels.

The demonstration of the load leveling proves that the gen-
erator load can be maintained within load leveling ranges (the
optimal operating ranges of the ship engine-generator set, typi-
cally 60-100% loads [8]) for highly variable loads. The control
scheme of the load leveling is presented in Fig. 5. When the
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Fig. 5. Block diagram of load leveling control.
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Fig. 6. Demonstration of load leveling operating mode.

power demand reaches the upper or lower power threshold, the
ESS discharges its stored energy to the networks or charges the
energy into the ESS under this control scheme. This allows for
operating the control ranges from 5.1 kW to 6.1 kW selected in
the study (see Fig. 6).

On the other hand, it is also possible to reduce the number
of running generator sets as the ESS provides spinning reserve
for the marine microgrids. In the demonstrated case in Fig. 6, if
the maximum rating of the running generator set is 6.5 kW, two
generator sets have to be operated to fulfill the power demand
of around 7.1 kW in the study. Since the integrated ESS can
provide the electrical power of 3.0 kW, it enables to run only
one generator set operated in its optimal range and the rest of
the power demand can be supplied by the ESS. To conclude,
the optimisation of the actual loads and the running genera-
tor numbers associated with the load leveling can provide huge
potential to improve the ship energy efficiency.

4 Transient Mitigation

There are several DC solutions to transit the marine net-
work form from AC to DC. Among them, two dominant DC
solutions utilise a synchronous generator combined with a
diode rectifier (BlueDrive PlusC [9]) and a thyristor rectifier
(Onboard DC Grid [10]). Dynamic performance of these solu-
tions are governed by an exciter and/or a thyristor control,
and therefore, their dynamic responses are much slower than
the DC solutions based on voltage source converters. Once
ESSs are integrated into marine DC microgrids through con-
verters, the transient performance of these solutions can be
improved with the fast control action of converters. It enables
to avoid transient generator loads by rapidly discharging or
charging energy during the transient period. This allows for
increasing lifespan of a ship engine-generator set and reducing
air pollutants generated during high transients. Furthermore,
the regenerative energy from a decelerated induction machine,
which is dissipated by braking resistors to prevent a system
overvoltage, can be stored in ESSs.

The demonstration of the transient mitigation shows that the
transient performance of the diode rectified-based DC micro-
grids used in the study can be improved by the ESSs with
their short time constants, as shown in Fig. 7. Two voltage
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Fig. 7 Demonstration of transient mitigation operating mode:
(a) voltage profile and (b) power profile.

and power profiles with and without the transient mitigation
control are compared to clearly present the study result. When
the voltage is out of the deadband of the transient mitigation
control, the ESS discharges or charges the energy with regards
to the droop characteristics (see Fig. 4). These ESS actions
can mitigate the voltage variance [see Fig. 7(a)] and make
the actual generator load softer [see Fig. 7(b)]. Moreover, if
the system voltage becomes higher than the upper level of the
deadband, the ESS can reduce the voltage increase by reserv-
ing the excessive energy. Consequently, the transient mitigation
mode demonstrated with the power droop control of the ESS
can give the three main benefits: the faster system response, the
cleaner system operation, and the higher efficiency (the energy
harvesting).

5 Zero Emission

A port can be free from pollution with ESSs equipped in ships.
For instance, whereas ships cannot go long-distance cruis-
ing only with ESSs due to low energy density of currently
viable technologies, they can switch their power source from
diesel generators to ESSs when they are approaching a port
for a short period of time, called the zero-emission mode. In
a port, shore-to-ship power connection (also called AMP -
Alternative Maritime Power) is possible [11]. This means that
onshore grids not only supply power to all onboard loads, but
also recharge the onboard storage. The zero-emission mode,
solely powered by ESSs, can be activated with fully charged
ESSs when ships are leaving a port. Regarding that, there
are wide range of activities to meet environmental regulations
and to make a cleaner port [2, 3]. To achieve this goal, the
zero-emission operation is crucial.
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Fig. 8 Demonstration of zero-emission operating mode: (a)
DC-link voltage and (b) power profile. Several power source
transitions are conducted without power interruption.

For the zero-emission operation, several electrical source
transitions are necessary from onboard generators to ESSs,
from ESSs to onshore grids, from onshore grids to ESSs,
and from ESSs to onboard generators. These transitions are
fully demonstrated in the laboratory-scaled microgrids with
the power droop control. The full process of the ship entering
and departing is assumed. When a ship approaches a port, the
onboard generators are slowly turned off at 0 s in Fig. 8. This
causes the voltage drop of the system, followed by the power
supply from the ESSs. After the transition, the ESSs become
the only power source in the system. The shore-to-ship power
supply provides the electricity to the ship while in a port at 20
s. After the connection of the ship networks and the grids, the
grids can power the ship networks and the increased grid volt-
age allows for charging the ESSs with regards to their power
droop characteristics. Once the ESSs are fully charged, the ship
can depart the port with the ESS-powered operation at around
70 s.

The experimental test demonstrates that continuous power
supply to onboard loads without air pollutant emission in a port
can be realised with the power droop control of ESSs.

6 Conclusion

This paper has presented improved DC microgrid operations
with integrated energy storage by demonstrating the three
operating modes: load leveling, transient mitigation, and zero
emission.

The study results clearly show the advantages of the inte-
grated energy storage in marine DC microgrids. First, it can
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provide great potential to save fuels by the load leveling. Sec-
ondly, the DC microgrids can be faster, cleaner, and more effi-
cient with the transient mitigation. Finally, the zero-emission
operation can be realised easily with the simple power droop
control.

We emphasise again that, by employing energy storage sys-
tems into the marine networks, ship owners not only take a
big incentive in ship operational costs, but also contribute to
reducing global warming from the marine sector.
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