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Abstract—This paper presents flexible operating modes of
marine DC microgrids and main advantages of employing energy
storage systems into such DC microgrids. Scaled-down marine
systems with two DC buses and integrated energy storages are
considered in this paper. To verify superior features of the DC
microgrids with solid-state technologies and energy storage sys-
tems, a wide range of system operating modes are experimentally
demonstrated, ranging from basic to advanced operating modes:
DC voltage regulation, power sharing control, soft start (smoothly
charging bus potential to the nominal level), seamless transition
(transiting open-bus and closed-bus operations), load leveling
(flattening generator loads by energy storage systems), transient
mitigation (mitigating sudden load changes by energy storage
systems), and zero-emission (powering the marine networks by
energy storage systems near a port). The experimental results
show that DC microgrids with solid-state technologies and energy
storage systems provide ship owners with the flexibility in energy
management of the system, fuel savings, and environmental
compliance in a port.

Index Terms—DC Microgrids, Energy Storage Systems, Ma-
rine Power Distribution Networks, Solid-State Technologies.

I. INTRODUCTION

The increasing penetration of renewable energy sources,
energy storage systems (ESSs), and DC loads (e.g., data center
and electric vehicles) has opened the door to DC technology
to pave its way into future grids. The shift has been more
obvious in the marine domain supported by track records of
installed onboard DC solutions since 2013 [1], [2].

A ship is an off-grid stand-alone system (a microgrid)
without the need to comply with strict utility grid codes, which
allows for the greater flexibility to utilize new concepts in
design of power system. This is one of the reasons why the
movement toward DC has been proceeding actively in the
marine sector. In addition to novel technologies, DC solutions
are bringing directly quantifiable advantages, such as fuel
savings with variable-speed generators, easy integration of
ESSs, weight and footprint reduction in electrical installations,
and optimization of running engines [3]-[6].

Manuscript received August 21, 2020; revised December 29, 2020; ac-
cepted March 5, 2021. (Corresponding author: Seongil Kim). This work was
supported by Hyundai Electric & Energy Systems.

S. Kim and S.-N. Kim are with the Hyundai Electric & Energy
Systems Research Centre, Yongin 16891, Republic of Korea (e-mail:
kim.seongil @hyundai-electric.com; kimsoonam @hyundai-electric.com).

J. Kucka, G. Ulissi, and D. Dujic are with the Power Electronics
Laboratory of Ecole Polytechnique Fédérale de Lausanne (EPFL), 1015
Lausanne, Switzerland (e-mail: jakub.kucka@epfl.ch; gabriele.ulissi@epfl.ch;
drazen.dujic @epfl.ch).

A solid-state bus-tie switch (SSBTS) plays an important role
in system protection of marine DC microgrids. The SSBTS
is used for the bus separation in the range of several tens
of microseconds [7]-[9]. It allows for promptly clearing DC
faults and avoiding converter damages. This active device also
offers advantages on the system level by two novel functions
of the SSBTS at no additional cost, beside the protection
function: soft start - smoothly charging bus potential to the
nominal level; and seamless transition - promptly supplying
electric power to the bus experienced a power outage during
the open-bus operation. The soft start ability by the SSBTS
provides softly energizing bus without additional components
for the inrush current limiting, allowing space and cost savings.
Moreover, the seamless transition can improve the system
reliability by promptly taking power from the healthy side in
the event of a generator failure during the open-bus operation.

In the past decade, there has been enormous evolution in
ESSs, especially in Li-ion batteries, in terms of energy density,
power density, and cost [10], [11]. This progress allows ESSs
to be accepted more widely in marine applications [1], [12].
While an ESS is still a costly option, it provides several main
benefits for ship owners, mostly related to fuel savings and
environmental compliance in a port: transient mitigation - sup-
porting transient demands by ESSs with short time constants
to improve the transient performance of diode and thyristor-
based DC microgrids; load leveling (peak shaving) - operating
generators at optimal loads by storing energy during light load
conditions, discharging it during too heavy load conditions,
and reducing the number of running generators; and zero-
emission - turning OFF generators and powering the networks
by ESSs when a ship is entering or exiting a port to avoid air
pollutants from the ship. By avoiding transient generator loads,
it is possible to increase the lifespan of a ship engine-generator
set and reduce air pollutants generated during high transient
accelerations and decelerations. The flattened generator loads
by the load leveling provide a large potential for fuel savings in
marine applications. There is a wide range of activities to make
a cleaner port. The zero-emission operating mode is crucial to
achieve the goal of becoming the zero-emission port.

This paper presents various performance improvements in
marine DC microgrids, offered by above discussed technolo-
gies. Complete small-scale two-bus DC system is established,
to support experimental investigations and evidence of effects
of selected technologies on various operating modes. Section II
describes the lab-scaled hardware test setup to replicate marine
two-bus DC microgrids of 500 V. The novel soft start and
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Fig. 1: Schematic diagram of marine DC microgrids.

seamless transition modes, which can make the DC microgrids
more flexible and reliable, are demonstrated in Section III. In
Section IV, practical ESS applications in marine DC networks
are experimentally demonstrated, including control, utilization,
and expected benefits of ESS. Furthermore, in the same
section, the power droop-based zero-emission mode is newly
demonstrated. The last section summarizes the main results.

II. HARDWARE TEST SETUP

This section describes hardware components of the test
setup. The test setup is composed of two DC motor-generator
sets, two diode rectifier systems, a SSBTS, two supercapacitor
banks, resistive loads, and a central controller (see Fig. 1).
Each component is described hereafter. Note that, as the part
of the supply system, the diode rectifier which shows the
best stability performance among the possible three rectifier
systems (diode, thyristor, and active rectifiers) is employed.
Moreover, relatively short DC lines are rather consequence of
laboratory infrastructure, resulting in rather low inductances
in the system, to avoid system instability issues [13].

A. DC Motor-Generator Sets and Rectifiers

Thanks to the use of rectifiers to provide DC supply,
generator design (frequency, number of poles, voltage level)
can be optimized with much more degrees of freedom than in
AC system. To demonstrate the flexibility in the selection of
generator frequency, two generator sets are utilized in the test
setup: GEN1 - 10kW, 380V, operated at fixed 50 Hz; and
GEN2 - 25kW, 380V, operated with variable frequency in
the range of 200-400 Hz.

Each DC motor-synchronous generator set includes a DC
motor drive, a DC motor, a synchronous generator, and an
automatic voltage regulator (AVR), as shown in Fig. 2a and 2b.
The DC motor driven by a thyristor power converter emulates
a prime mover in marine systems, i.e., diesel engine, typically
found on a ship. The generator terminal voltage is regulated
by a commercial AVR (ABB Unitrol 1005) that is an one-
quadrant AVR based on the DC chopper (a buck converter).

A three-phase six-pulse diode rectifier is employed to each
generator set for the rectification as the diode rectifier is
simpler, more robust, and more cost-effective than a thyristor
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Fig. 2: Actual implementation: (a) GENI1, (b) GEN2, (c¢)
rectifier systems, (d) supercapacitor banks, and (e) SSBTS and
DC-DC converters.

rectifier and a voltage source converter that have also been
applied for the marine power supply systems [14]. DC-link
capacitor bank at rectifier output is rated for 500V and is
made modular allowing for capacitance to be adjusted from
2.3mF up to 11.5mF. The rectifier systems assembled in the
racks are presented in Fig. 2c.

B. Solid-State Bus-Tie Switch

As one of the key protection components, a SSBTS devel-
oped in the work of [15] is integrated into the test setup. The
bus-tie switch has the following ratings:

« Nominal voltage: 600 V

o Rated current: 50 A

o Trip current: 100 A

o Maximum allowed current: 200 A
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Fig. 3: SSBTS [15]: (a) actual implementation and (b)
schematic diagram. A voltage sensor and a current limiting
reactor are not presented in Fig. 3a as they are external
components.
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The switch topology is based on a four-quadrant switch
configuration [four diodes (D, D2, D3, and Dy) and one
IGBT module (S)] combined with a transient current limiting
reactor (L;;,,) and a freewheeling diode (Dy) in series to
the IGBT module, as shown in Fig. 3b. An RC snubber and
metal oxide varistors (MOVs) are added to suppress transient
overvoltages during the interruption.

The right-side supply forces the current to flow through D5,
Liim, S, and D3 if the IGBT is the ON-state. For the left-side
supply, the current direction is the opposite. The IGBT module
is first turned OFF in the event of a fault. This forces the
overcurrent to flow through the snubber circuit and the MOVs.
The energies stored in the current limiting reactor and the
system stray inductance are dissipated by the diode of Dy, and
the MOV, respectively, until the interruption is terminated.

The assembled SSBTS is presented in Fig. 3a. On top of
the heatsink, the mounted components are four diode modules,
two IGBT modules, a gate driver, a PCB-based RC snubber
circuit, MOVs, and a current sensor. Note that the current
limiting reactor of 48 uH and the voltage sensor are externally
connected. To increase overcurrent withstand capability, two
modules are installed in parallel for the left-side diodes (D;-
D3), the right-side diodes (D»2-D,4), and the diode-IGBT
modules (Dp,-S), as shown in Fig. 3b.

C. Supercapacitor-Based Energy Storage Systems

Due to lack of access to suitable batteries for the test setup,
alternative technology (supercapacitor bank) is used, without
major negative effect on the performances that this paper
aims to demonstrate. Each supercapacitor bank is rated for
160kJ. These supercapacitor banks are coupled in the test
setup via buck-boost topology-based DC-DC converters. Two
half-bridge power modules are used for the converters and they
are controlled by an Imperix B-Box controller. The central
controller talks with the ESS controller through CANOpen
communication. The actual implementation of the ESSs and
the DC-DC converters is shown in Fig. 2d and Fig. 2e.

D. Central Controller

A central controller of the setup is implemented with
Pixsys TD820 that is a human-machine interface (HMI) panel
with an integrated programmable logic controller (PLC). Two
analogue/digital input/output modules (Pixsys ETD1644) are
installed at the backside of the PLC panel. The PLC commu-
nicates with the AVRs, the local controller of the SSBTS, and
the local controller of the DC-DC converters. Analogue inputs
and digital outputs of the PLC are used to acquire voltage and
current information and to control the switches for the loads,
respectively (see Fig. 1).

ITII. DEMONSTRATION OF FLEXIBLE SYSTEMS WITH
SSBTS

Various operating modes are demonstrated in the lab-scaled
systems. The demonstrations are carried out for basic operating
modes (voltage regulation and power sharing) and advanced
operating modes (soft start and seamless transition), available
with the novel functions in the SSBTS.
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Fig. 4: Block diagram of DC voltage control.

A. Voltage Regulation and Soft Start

A DC voltage regulation is an important function of DC
microgrid control to maintain a constant DC output voltage
against system disturbances and load changes. In the test setup,
the regulation function is realized with the combination of the
PLC and the AVR. The utilized AVR is for AC networks,
i.e., lack of the DC regulation function, and thus the PLC is
combined to provide an AC reference corresponding to the
DC voltage error, as shown in Fig. 4.

The PLC acquires the DC voltage information and calcu-
lates the voltage error. The new AC voltage reference is sent
from the PLC to the AVR. The AVR finally regulates the
AC generator terminal voltage with its PID controller. The
parameters for the voltage regulation are provided in Table 1.

In marine AC microgrids, synchronous generators have to
be synchronized to the networks when they are interconnected.
For the synchronization, four factors to be matched are phase
sequence, voltage magnitude, frequency, and phase angle
[16]. By contrast, the only factor to be considered is the
voltage magnitude in marine DC microgrids. If the SSBTS
can smoothly charge the potential from one bus to the other
bus (called soft start in the work), there is no limitation on
the voltage matching requirement during the interconnection
process. Furthermore, it allows to extend operation sequences
and/or modes of DC microgrids, e.g., supplying electric power
to the bus in which no electric source is available due to system
design, operation mode (one generator operation mode), or
machine failure. The soft start function shown in Fig. 5 is
performed by the controller of the SSBTS.

In addition to the roles of the SSBTS (bus connection
and disconnection under normal conditions as well as fault
interruption), the soft start ability requires only additional
control functions for its implementation. The principle of the
implemented soft start function is the switch being repeatedly
turned ON and OFF, and the connection of the two buses once
the charging is complete. In detail, when the SOFT START ON
command is transferred from the PLC, the pulse keeps the
switch ON for a short time. Due to the potential difference
between the buses, the charging current (iprg) flows via the
switch, and then the switch is turned OFF if the current
reaches the threshold level or the pulse becomes OFF with
its duty cycle (D). This action occurs at every pulse cycle and

TABLE I: Parameters for DC voltage regulation.

Parameters VEJWAX VEA/[IN Kp»u Ki Kd'u
GEN1 1.05 0.95 20 10 2
GEN2 1.05 0.95 20 5 4
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Fig. 5: Block diagram of soft start control. The used parame-
ters for the soft start control are: fpg = 100 Hz, D = 0.1 pu,
Ton_p = 55, and ipreshold = 100 A.

the potential of the bus being charged is gradually increased.
Once the potential difference is within the acceptable range,
the switch remains in the ON-state through the TURN-ON
DELAY block in Fig. 5. To verify the DC voltage regulation
function and the soft start, two tests are conducted, as shown
in Fig. 6 and Fig. 7.

In Fig. 6, BUSI that is supplied by GENI is initially
operated with its rated voltage. At 0s, the soft start command
is issued and the SSBTS charges the potential of BUS2 by
turning the SSBTS ON at every 10ms and OFF once the
charging current reaches the threshold value or the pulse
becomes OFF with its duty cycle, repetitively, as shown in Fig.
6b. The potential in BUS2 is fully charged at approximately
3.7s. Note that the transient current during the soft start is not
measured in Fig. 6a due to the sampling rate limitation of a
measuring device for a long period time (10s/div), and thus
the current in Fig. 6b is measured by the other device for a
short period time (0.5s/div).

The voltage of BUSI is higher than that of BUS2 due to the
voltage drop in the SSBTS, and the voltage difference becomes
higher when higher current flows via the SSBTS. After the
interconnection, the three loads are sequentially connected
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Fig. 6: Transient waveforms under GEN1 voltage control: (a)
bus voltages and generator/load currents (10s/div) and (b)
current via the SSBTS during the soft start (0.5s/div).
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and disconnected with 10s interval. The load changes bring
with sudden voltage drops and rises, and the control system
successfully regulates its bus voltage.

The soft start function and the DC voltage regulation imple-
mented in GEN2 are also tested in Fig. 7. BUS2 is operated
with its rated voltage and BUS1 is charged and interconnected.
After the interconnection, the three loads are sequentially
connected and disconnected, and the voltage control of GEN2
regulates the DC voltage of BUS2.

In this test, there is a voltage drop from BUS2 to BUS1 and
it causes that the voltage of BUS2 is higher than that of BUSI.
The other finding is that the voltage variations due to the load
changes are less than those of the first test. This mainly comes
from the different generator frequencies: GEN2 operated at
approximately 200 Hz and GEN1 operated at 50 Hz. GEN2 is
operated with four times higher frequency compared to GEN1
and this increases the system reactance of GEN2. As a result,
the increased reactance makes the GEN2 system less sensitive
for the sudden load change.

B. Power Sharing

The two generators in the setup have to share loads in
proportion to their power rating. Without the power sharing
control, the two generators equally take a half of loading power
if the two voltage levels are the same, while the power rating
of GEN2 is 2.5 times higher than that of GENI.

Generally, current- or power-based DC voltage droop con-
trol has been proposed and employed to provide the power
sharing function in DC microgrids [17], [18]. In case of the
current-based DC voltage droop control, source resistance is
virtually added to generate the slope of droop characteristic.
It is possible to control the load distribution between multiple
generators by selecting different virtual resistances, i.e., higher
virtual resistance should be considered for the generator with
the lower power rating, and vice versa, as shown in Fig. 8.
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Fig. 8: General DC voltage droop control for two parallel volt-
age sources: (a) circuit diagram and (b) droop characteristics.

For the other case, the AC reference is decreased at every
control frequency of the PLC until the ratio is in the range.
The power sharing is demonstrated under the conditions
of the two generators ON and the initially closed SSBTS.
Loadl (L1) installed at BUS1 is connected at Os and the two
buses suffer voltage drops. The load is shared between the
two generators during the transient period. When each bus
is regulated at its rated voltage, GEN1 provides all the load
Vbei1 to Vpea, current. It means that GEN2 has no contribution to the load
due to the voltage drop in the SSBTS, while GEN2 (25 kW)
has 2.5 time higher power rating than GEN1 (10 kW).
In case of the other flow, The power sharing function is activated at 40 s. The function
) ) ) calculates the power sharing ratio between the two generators
Vpc1 = Rviipci +Vr — Rpusiiz2 = Vpo2 — Bv2ipcz (2) and gradually decreases the AC voltage reference of BUSI in
the tested case. Fig. 11a shows that power sharing is achieved

It is found that this general control scheme cannot be applied
to the test setup that is the two-bus DC microgrids connected
through the SSBTS (see Fig. 9). The first reason is related
to the voltage drop (V) in the SSBTS. The sign of the
voltage drop is different depending on power flow due to its
bidirectional feature and topology. For the power flow from

Vbc1 — Rviipc1 — Ve — Rpusiiz = Vpea — Ryvaipez (1)

Because the conventional voltage droop control, as shown
in Fig. 8, does not cover the voltage drop, its magnitude and
sign have to be additional]y considered. 0C Votage Regulation Power Sharing between DC Voltage Regulation

1 of Each Bus I GEN1 and GEN2 I of Each Bus
540 !' T T 1

The other reason originates from the voltage sensing reso- Sonl ' ' ' ' ' ' ' =]
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droop slope. The former means poor power sharing function,
and the latter can generate an issue in voltage regulation, e.g., =z
a large variation of the reference voltage depending on load §
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why the test setup employs a new power sharing scheme.
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within each control range for L1. When the power sharing is
deactivated, the voltage regulation control of BUS1 is restarted
and GEN1 produces all the power for L1.

In the second case (see Fig. 11b), Load2 (L2) installed at
BUS?2 is connected at 0s. As expected, the load is powered
only by GEN2 without the power sharing function. When
the function is activated, the voltage of BUSI is gradually
increased to share the load within the control range.

The tests prove that the implemented function can con-
trol the power ratio between the two generators connected
through the SSBTS that has different signs of the voltage drop
depending on the current direction. Moreover, by accurately
controlling the AC reference voltage, it is possible to overcome
the aforementioned problem due to the low resolution in DC
voltage sensing.

C. Seamless Transition

The used ultra-fast SSBTS allows for the seamless tran-
sition of system configuration without any extra costs and
components. An interchange between open- and closed-bus
operation can be achieved with a low system impact, as studied
in the work of [19]. Furthermore, the power source can be
transmitted promptly if one bus experiences a power outage
during the open-bus operation (called seamless transition in the
work). For the latter purpose, the seamless transition function
is realized in the controller of the SSBTS.

Fig. 12 shows the diagram of seamless transition control
implemented. The transition control can be activated during
the open-bus operation. Once the ON signal (TRANSITION
ON in Fig. 12) becomes high, the Q output is reset low. Once
the voltage difference between two buses is greater than a
threshold value, the gate signal becomes and remains ON.
If the current passing through the SSBTS reaches the fault
detection condition (100 A in the work), the SSBTS is turned
OFF. The used value of Vipyeshoiqd 1S 25 V.

A seamless transition test is conducted under the conditions
of the two generators ON and the two loads at each bus (L1
and L2). Initially, the two buses are operated with the self-
sustained mode (open-bus operation), and thus each generator
supports the load at its bus. The voltage drop is commanded
to BUS1 at —2s and the two buses are interconnected by
the ultra-fast SSBTS when the voltage difference becomes the
threshold value (25V) at Os (see Fig. 13). Due to the loss of
the source in BUSI, all load currents are supplied by GEN2
under the test condition.

For the other transition test, the SSBTS is turned OFF at
8s and the DC voltages of the two buses become the rated
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Fig. 12: Block diagram of seamless transition control.
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Fig. 13: Performance of seamless transition.

value. Same as the initial condition, each bus maintains its
bus voltage and each load takes the power from each bus. The
second transition is initiated by developing the voltage drop in
BUS2 at 58s and the interconnection occurs at 60s with the
voltage difference of 25 V. The maximum transition current is
approximately 55 A under the test conditions.

If the bus experienced the voltage drop has a permanent
low-impedance fault, the transition current may reach the
threshold value and the interconnection is not possible due
to the protection action of the SSBTS.

The test result verifies that the seamless transition can be
achieved with the SSBTS. It allows for operating the systems
more flexible and reliable. Note that the seamless transition
is demonstrated without relying on the supercapacitor banks
integrated in the test setup.

IV. DEMONSTRATION OF EFFICIENT SYSTEMS WITH ESSS

To verify superior features of the DC microgrids with ESSs,
three system operating modes are experimentally demon-
strated: load leveling, transient mitigation, and zero-emission.

A. DC-DC Converter Control

A bidirectional DC-DC converter is used (see Fig. 1), allow-
ing for controlled charging and discharging of supercapacitors.
Control is implemented in such a way that it is possible for
energy storage system to take control of the DC bus voltage,
in case that generator is out of function. The power setpoint of
the converters can directly be set by the central controller or
can be determined from the DC power droop characteristics.
To enable load leveling, the direct power reference is fed to the
converter controller. Conversely, the transient mitigation and
zero-emission modes rely on the droop characteristics. The

IGBT1

1GBT2

Fig. 14: Block diagram of DC-DC converter control [20], [21].
The used parameters are: Iopax = 8A, Iomin = —8A,
Ky = 424, K;; = 3535.5, and fs. = 10kHz.
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block diagram of the converter control is presented in Fig.
14. The diagram shows that the power is set by the closed-
loop control of the supercapacitor current I in a conventional
control structure. The setpoint current is determined from the
setpoint power using the measured supercapacitor voltage V¢
and the value is saturated to protect both the converter and the
supercapacitors. The switching signals are generated by PWM
in a forced continuous operation. Despite lower conversion
efficiency of this operation mode, this option is implemented
for simplicity to ensure linearity of the controlled power for
near zero setpoints.

B. Load Leveling

To maintain the generator load within optimal operating
ranges, the difference between power demand and high/low
threshold of the generator load should be compensated by
ESSs. Thus, the central controller collects the total power
demand and then sends the power reference to the ESSs .
If there is no margin in the load leveling control, the actual
generator load may not be in the control ranges because of
the time delay caused by communication, ESS response, and
so on. Including the margin (Pr;arcin), the block diagram
of the load leveling control is presented in Fig. 15.

The load leveling control is demonstrated under the condi-
tions of GENI1, L1, and L3 ON. One supercapacitor charges
or discharges the energy to replicate highly variable loads
from 4.1 to 7.1kW within a minute. Once the power demand
reaches 5.8 kW that is the upper threshold power to start the
control (Prr, max — Pumarcin). the other supercapacitor
discharges its energy to take the power demand above the
threshold. For lower power demand than 5.4kW (Prr_arn+
Prrarcin), the supercapacitor is operated with the charging
mode to maintain generator loads within the load leveling
range from 5.1 to 6.1 kW selected in the study.

The experimental test shows that the generator load (blue
line) can be flattened within the control ranges while the power
demand (blue-dotted line) is highly fluctuated. With the load
leveling, it is possible to make the generator set to be operated
at optimal operating ranges. Moreover, if the maximum power
rating of the generator set is 6.5 kW, two generator sets have
to be run for high load conditions (6.5-7.15kW in the studied
case). In this case, the power redundancy can be achieved by
one running generator set with ESSs, as demonstrated. To sum
up, DC microgrids equipped with ESSs can save large amounts
of fuel for highly variable loads by operating the generator set

Fig. 15: Block diagram of load leveling control. The used
parameters are: Pry prax = 6.1kW, Prr pinv = 5.1kW,
and PJWARGIN = 0.3kW.
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Fig. 16: Power profile of load leveling control.

in optimal operating ranges as well as by reducing the running
generator set.

C. Transient Mitigation

Transient voltage is a representative indicator to recognize
sudden load changes in DC microgrids, i.e., sudden load
increases or decreases result in voltage drops or rises, re-
spectively. Furthermore, higher load changes result in higher
voltage changes. For these reasons, power droop control de-
picted in Fig. 17 is applied for the demonstration of transient
mitigation.

In the test setup, the supercapacitor bank has a much faster
response than the main power supply (synchronous generators
combined with diode rectifiers). The transient performance
of the DC microgrids is improved by using this fast acting
device. When sudden load changes occur in the networks,
those generate the voltage rises or drops. If the DC-link
voltage becomes higher or lower than deadband voltages, the
supercapacitor discharges or charges the energy according to
the power droop control in Fig. 17.

Fig. 18a shows that the DC microgrids with ESSs have
remarkably lower voltage drops and rises than those without
ESSs. From the result, it could be stated that the system
performance is greatly improved. It is also observed that the
transients of the engine-generator set are mitigated with ESSs.
While the power demand is changed in multi-step forms, the

Fig. 17: Implemented power droop control. The used parame-
ters are: Vp =5V, Ry_p = 300W/V, Psc max = 3kW,
and PSC_MIN = —3kW.
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trol: (a) voltage profile and (b) power profile.

supercapacitor makes the actual generator load softer (see Fig.
18b). As the last point, the test proves that the regenerative
energy can be stored in ESSs. To demonstrate the regenerative
energy saving, two resistive loads are disconnected at 30s
and 40 s, respectively. These sudden load decreases cause the
voltage rises and these energies are stored in the supercapacitor
with its power droop control. Note that the droop control
to mitigate the transient is deactivated for low or no-load
condition to avoid undesired voltage fluctuation.

D. Zero-Emission

Zero-emission operation is to avoid air pollutants from ships
in a port to meet environmental regulations and to make a
cleaner port. Hence, when a ship is approaching a port, the
power source should be transited from onboard generators to
ESSs. This transient is replicated by slowly turning OFF the
generators (GENI in the work) and then the energy storage
systems (the supercapacitor banks) start to supply the power
to the system with their power droop control, as shown in
Fig. 19. In a port, grids (GEN2 in the work) can be connected
to the ship through a shore-to-ship power supply. After this
interconnection, by increasing the grid voltage slightly, the
networks can be powered by the grids and this increased
network voltage makes the ESSs to be charged according to
their droop control. With the fully charged ESSs, the ship can
leave the port with the zero-emission operating mode again.

The experimental test demonstrates that continuous power
supply to onboard loads without air pollutant emission in a
port can be realized with the power droop control of ESSs,
which is newly applied for the zero-emission operating mode
of marine DC microgrids.

mode: (a) voltage profile and (b) power profile.

V. CONCLUSION

This paper has presented a wide range of DC microgrid
operating modes, available with solid-state technologies and
ESSs. The two-bus DC microgrids and the system controls
are implemented to replicate marine DC microgrids.

The novel soft start and seamless transition functions of
the SSBTS without additional circuits and components make
marine DC microgrids more flexible and reliable as well
as free from the voltage matching requirement during the
synchronization. Integrating ESSs into marine DC micro-
grids allows for load leveling, transient mitigation, and zero-
emission operating modes. With these modes, ship owners
can save a large amount of fuel and avoid air pollutant
emission in a port. From the above results, we conclude
that marine DC microgrids with solid-state technologies and
ESSs offer superior features in terms of the flexibility in
energy management of the system, the fuel savings, and the
environmental compliance in a port.
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