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Abstract: At sea, the electrical power system of a ship can be considered as an islanded microgrid.
When connected to shore power at berth, the same power system acts as a grid connected microgrid or
an extension of the grid. Therefore, ship microgrids show some resemblance to terrestrial microgrids.
Nevertheless, due to the presence of large dynamic loads, such as electric propulsion loads, keeping
the voltage and frequency within a permissible range and ensuring the continuity of supply are more
challenging in ship microgrids. Moreover, with the growing demand for emission reductions and fuel
efficiency improvements, alternative energy sources and energy storage technologies are becoming
popular in ship microgrids. In this context, the integration of multiple energy sources and storage
systems in ship microgrids requires an efficient power management system (PMS). These challenging
environments and trends demand advanced control and power management solutions that are
customized for ship microgrids. This paper presents a review on recent developments of control
technologies and power management strategies proposed for AC ship microgrids.
Keywords: droop control; hierarchical control; isochronous control; power management;
ship microgrids

1. Introduction
Diesel engine driven or gas turbine driven generators are the sources found in conventional
ship microgrids, which are generally known as gensets. They are controllable sources and thus their
power levels can be adjusted to meet the required demand. With the growing demand for emission
reduction and fuel efficiency improvements these conventional gensets must be supplemented with
alternative energy sources such as wind, solar, and fuel cells [1–4]. Even though there are different
opinions on solar and wind installations on shipboards, as their contribution to the power generation
is not significant compared to gensets, in certain ship types, the contribution can be non-marginal,
and thus a growing trend can be observed in research and relevant technology development in these
areas [5,6]. Out of these alternative energy sources, the fuel cell has been identified as the most
promising technology for ships [4,7]. In addition to the incorporation of alternative energy sources,
energy recovery technologies are increasingly being introduced into ship microgrids aiming towards
improving the fuel efficiency [8]. For example, waste heat recovery systems that utilize exhaust fumes
for electricity production are able to improve main engine efficiency by approximately 5%, which
greatly reduces emissions and fuel cost [3,9].
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Even though these alternative energy technologies help improve fuel efficiency and reduce
emissions, their intermittency and/or slow response make energy storage technologies such as batteries
or supercapacitors essential to ensure reliable operation and fast response [10]. Moreover, the presence
of pulse loads, such as radar, may exceed the ship’s rated generation capacity, leading to unstable
operation [11–13]. This makes energy storage inevitable in shipboard power systems to meet fast
transient characteristics [4,14–17]. Therefore, future ship power systems will include traditional gensets,
alternative energy sources, energy storage technologies, and energy recovery systems.
Together with the aforementioned technologies, the ship power system can be considered as a
typical islanded microgrid when the ship is at sea. The same power system can be considered as a
grid connected microgrid or an extension of the shore power grid when the ship is at berth. Thus, ship
microgrids show some resemblance to terrestrial microgrids [18–20]. Nevertheless, the major difference
comes from the way the load and source dynamics are distributed in each system. In terrestrial
microgrids, renewable energy sources account for a large share of power and thus they bring associated
intermittencies into the power generation system while the loads show relatively small and slow
changes [21–23]. In contrast, the main sources in ship microgrids are controllable, while the loads, such
as propulsion loads, are highly dynamic. In addition, the presence of large power electronic loads is
another major difference in ship microgrids, which results in serious power quality issues compared
to terrestrial microgrids [2,24]. Therefore, despite some similarities, ship microgrids require special
attention in research and associated technology developments.
The major challenge with such islanded microgrids is matching the source dynamics to that of
the loads while ensuring robust operation and fast response [25]. Control and power management
strategies play a vital role in achieving these objectives [26–33]. Droop and isochronous are the
commonly used primary control technologies in AC or DC ship microgrids [27]. On top of these
controllers, there should be a centralized or decentralized power management controller to coordinate
power generation. Hierarchical control, which is one of the popular approaches reported in the
literature for power management and the control of islanded microgrids, can be adopted for ship
microgrids as well [26]. Three-level hierarchical control is the most common scheme, and in this
scheme the primary control focuses on individual units while the secondary and tertiary controls
focus on system level control and power management, respectively [20,26]. In contrast to the common
centralized control approach, distributed control, especially with multi-zonal architectures in emerging
ship power systems, enables robust operation even during faults in part of the ship microgrid [34,35].
The aim of this paper is to present a review of the advancements of architectures, control technologies,
and power management strategies of ship microgrids. Moreover, the author’s original research on the
performance of droop control based power sharing, at different operating conditions, are presented.
This paper serves as a useful reference for academic researchers and practicing engineers in the field of
ship microgrids.
2. Shipboard AC Power System Architectures
Ship microgrids generally follow the shore practice and thus, 400 V/50 Hz or 440 V/60 Hz three
phase low voltage (LV) AC distribution systems are common in a majority of the ships. This allows
normal industrial equipment, which designed to withstand harshness at sea, to be used on ships.
This equipment generally constitutes ships auxiliary service loads. Compared to these service loads,
propulsion loads are very high, and thus the LV distribution system is not sufficient to cater to these
loads. Therefore, high voltage (HV) three-phase distribution systems, such as 3.3 kV, 6.6 kV, and
11 kV, are used to transmit power to these loads. Owing to these differences in voltage levels, power
requirements and dynamics, propulsion, and service loads were segregated in early electric ships [3].
Nevertheless, due to the fact that finding solutions to the above challenges is more beneficial than
maintaining two systems, the trend has now been shifted from segregated power systems to integrated
power systems (IPSs).
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Figure 1. (a) Power system architecture of the Queen Elizabeth II cruise ship; (b) Example of
Figure 1. (a) Power system architecture of the Queen Elizabeth II cruise ship; (b) Example of a radial
a radial AC distribution system. (M:motor, MSB:main switchboard, VSD: variable speed
AC distribution system. (M: motor, MSB: main switchboard, VSD: variable speed drive).
drice).
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generators are connected to the same power bus, one of the engines may try to take the entire load
while the others might not take the load. This leads to instabilities and may result in blackout.
Therefore, in order to solve this issue, communication between the governor controllers, in the form
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Figure 6. Speed droop control (a) primary response; (b) secondary response; (c) tertiary response.
Figure 6. Speed droop control (a) primary response; (b) secondary response; (c) tertiary response.

In a multi-generator system, the secondary control can be used to bring the frequency back to
the nominal value, as shown in Figure 6b, by adding an offset to the speed reference, ωref . This is
known as the secondary response that can be attributed to the level 2 control of the hierarchical control
scheme. As shown in Figure 6c, further changes can be made to the droop controller by changing the
droop gain, kp , which changes the power levels of each engine to their best possible levels under the
given condition. This tertiary response belongs to the level 3 control of the hierarchical scheme. Similar
to the abovementioned speed, droop controllers operate based on the reactive power demand [26,48].
According to the rules of most of ship classification societies, the proportionality of load sharing has to
be within the range of ±15% of the rated active power and ±10% of the rated reactive power of the
largest generator [3,49–51].
In contrast to isochronous control, droop control requires only local measurements of voltage and
frequency, and thus, it allows multiple generators to share the load without hunting and without the
need of inter-unit communication. This makes droop control robust, highly reliable, and flexible in
adding/removing the generators of different power ratings to the grid [52,53]. Nevertheless, since the
active and reactive power supplied by generators depend on frequency and voltage deviations, large
loads result in increased deviations, and this is an inherent trade-off of droop control [39,53–55].
3.3. Application of Droop Control—Tests in a Real Ship
In order to exemplify the real system behavior of droop control under highly non-linear loading
conditions, the results of an experiment conducted in a ship are presented in Figure 7. During the
experiment, two generators of 301 kW (376 kVA) rated power worked in parallel. The generators
were driven by diesel engines, each having 357 kW of rated power. Mechanical-hydraulic governors
were used to control the shaft speed of the prime movers. Despite the medium rated power of the
gensets, they displayed the typical behavior of a ship electric power plant with a droop control scheme.
The most significant load was the bow thruster drive with a rated power of 125 kW, supplied via a
power converter. This bow thruster should be considered as a highly non-linear load.
The frequency droop is clearly visible in Figure 7b. It enables fast and satisfactory load sharing
between the generators. The proportionality of active power sharing is shown in Figure 7c, which is
within the limits of ship classification societies. It is worth noting here that this observation was
made despite having slight differences in the characteristics of the two governors. The reactive power
supplied by each generator is shown in Figure 7d. Even though the sharing of reactive power is
disproportional, the difference is small in comparison to rated power and thus the relative sharing
is safely within 2.8–3.2% of the rated reactive power of each generator. Furthermore, as shown in
Figure 7e, it can be seen that the load increase results in an increase in the bus voltage. It is due to
the impact of a concurrent increase in the levels of voltage and generator current distortions and
their impact on the AVR’s work. The voltage of the total harmonic distortion (THDu) during the
process increased from 0.9% to 4.5%, and the current THD increased from 1.7% to 16.7%. The impact
of the distortions on the work of AVRs on the same ship was investigated during other research [56].
It was found out that THDu = 3.7% U = 399.7 V, THDu = 4.8% U = 400.4 V, and THDu = 7.9% U
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= 401.9 V. Thus, reactive load sharing by droop control can be adversely affected by voltage and
current distortions.
160
120

P1
P2

80

[kW]

40
0

0

time [s]

650

(a)

50.4
50.2

f
[Hz] 50
49.8
49.6

0

time [s]

650

(b)
2
1

δP

[%]

0
-1
-2

0

time [s]

650

(c)
60

Q1 40
Q2
20
[kVAR]
0

0

time [s]

650

(d)

399

397

U
[V]

395

393

0

time [s]

650

(e)
Figure 7. Variations of the basic parameters when two generators are running in parallel: (a) active
power; (b) frequency; (c) proportionality of active power sharing; (d) reactive power; (e) voltage on
main bus bars.
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3.4. Grid-feeding Power Converter Control
As discussed in the introductory section, the ever growing trend for low emission technologies
and the demarcation of the emission controlled areas (ECAs) resulted in a trend to incorporate
more renewable energy technologies, such as fuel cells, photovoltaic (PV) power systems, wind
energy conversion systems, and energy storage technologies such as batteries and supercapacitors [4].
Nevertheless, due to relatively low power levels these technologies cannot perform as grid-forming
sources. Therefore, the corresponding grid connecting inverters are often used as a grid feeding
converter where the converter injects a specific amount of power to the grid depending on the output
of the maximum power point tracking algorithm [57] or the command from the ship PMS [48]. Current
control is preferred in this mode of operation and thus the interfacing converter can be considered
as a current source. Batteries and supercapacitors are used to absorb power fluctuations and thus
Energies
2018,mostly
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4. Power Management Optimization
4. Power Management Optimization
Ship PMS plays a vital role in maintaining the power balance, improving fuel efficiency,
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preventing blackouts, and ensuring safe operation at various operating conditions. The broader scope
blackouts, and ensuring safe operation at various operating conditions. The broader scope of the PMS
of the PMS includes power saving, control of propulsion machinery, control of main and emergency
includes power saving, control of propulsion machinery, control of main and emergency generators,
generators, loading and unloading of generator alternator sets, load dependent start/stop, load
loading and unloading of generator alternator sets, load dependent start/stop, load sharing, load
sharing, load shedding, motors automatic blocking, power and frequency control, synchronizing, and
shedding, motors automatic blocking, power and frequency control, synchronizing, and monitoring
monitoring and load analysis illustration. These functionalities fall within the secondary, tertiary,
and load analysis illustration. These functionalities fall within the secondary, tertiary, and upper level
and upper level control of the aforementioned hierarchical control scheme. Some of these functions
control of the aforementioned hierarchical control scheme. Some of these functions are explained in
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Automatic load sharing: When the load increases, another generator is connected to the
switchboard. PMS divides the load in an optimal manner on generators after synchronizing.
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the required power, either due to increase in load or fault in a running generator set, the PMS
will automatically start the next standby generator set in the start sequence. When the load
decreases to a level that will not overload the remaining generators, the standby generator will
stop and disconnect.
Automatic load sharing: When the load increases, another generator is connected to the
switchboard. PMS divides the load in an optimal manner on generators after synchronizing.
Load shedding: When a sudden loss of a generator or load increase occurs, leading to an overload
of other generators, non-essential loads are automatically disconnected by the PMS. For example,
thrusters can operate with reduced load in dynamic positioning for a period of time because of
the slow response of the ship with respect to position and handling. This period is sufficient to
get the next unit on-line and increase the power generating capacity. According to [50], the PMS
“is to prevent overloading of the generators and maintain power to the essential loads such as
propulsion load by shedding non-essential loads.”
Automatic synchronizing and system restoration: Automatic synchronizing is performed in order
to ensure generators are running at required speed, voltage, and phase. After a blackout, the
system is required to follow the sequence control of a start-up and reconfiguration of the power
system, which includes starting and synchronizing generator sets and sequential starts of loads.
Monitoring and load analysis illustration: The PMS consist of a monitoring system to monitor
the load profile, active and reactive load sharing monitoring to monitor the load sharing failure,
fuel consumption monitoring, graphically displayed information that can help operators to target
wasted energy, and engine performance monitoring. Additionally, some PMS monitoring systems
provide historical data to help make decisions on the maintenance and operation of machinery
and other ship power system components [48].
Load transfer: The PMS can control and monitor the load transfer from shaft to auxiliary and vice
versa in hybrid electric ships, and shore power to auxiliary in cold ironing [60].

The load type and condition plays a vital role in determining the efficiency of power management
for vessels. Hence, the appropriate PMS can be fitted based on the types of loads present onboard
the ship and their dynamics. For tanker ships, pumps and compressors are significant factors as
they consume a significant portion of the generated power. In cruise ships, approximately 50% of
total fuel consumption is consumed by hotel loads such as air conditioning systems, heating systems,
galley equipment, stage equipment, and lights. For container ships, cargo handling equipment plays
a dominant role and defines the special power requirement characteristics of the installed power
system onboard. Moreover, in certain vessels, ballast water pumps present a large load on the ship
power system.
Similar to the terrestrial microgrids, power management in a ship’s microgrid can also be
implemented in centralized or decentralized manners. A centralized management system requires
computation resources and data gathered from internal microgrid components in the case of an
islanded microgrid, and from external components in the case of a grid connected microgrid.
Centralized PMS, used to achieve the minimum operational costs with efficient operation, gives the
advantages of wide observation of the whole system and this type of system is easy to implement [61].
However, a single point of failure in the centralized PMS will affect the entire system [62]. On the other
hand, decentralized PMS is preferred when more flexibility in operation and a non-single point of
failure system is required. Due to the dynamic nature and finite generation inertia associated with
IPSs, decentralized PMS is preferred to achieve the balance between generation and load in real time
while satisfying the operational constraints [63–65].
With the incorporation of alternative energy technologies, energy recovery technologies,
and energy storage systems, ship PMS becomes a key element in optimizing energy usage and
thereby improving fuel efficiency. In contrast to terrestrial microgrids, there are many constraints
associated with the optimization of ship PMS as it is heavily influenced by dynamic loads [66].
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Moreover, the objectives of the optimal power management for ship microgrids depend on the
operating conditions of the ship, which can be generally classified into emergency, alert, restorative,
reconfigurative, cruise, acceleration, deceleration, and docking [25,67].
Researchers have proposed various optimal power management techniques using classical
and meta-heuristic optimization methods by considering the minimization of operational costs and
greenhouse gas emissions as their main objective function [68–71]. In [11], the authors have proposed
a model predictive control (MPC) based energy management strategy in order to optimally operate the
system by dealing with power ramp rate problems for all-electric ships (AES). The proposed hybrid
EMS is a combination of heuristics and MPC in which heuristics are applied to distinguish the system’s
state transitions and MPC is applied to fulfill the control objective function in each state. Another
study, reported in [72], proposed an adaptive MPC for AES energy management, which provides
better energy management compared to the use of MPC alone. In [73], the authors have proposed a
multi-objective optimization with real-time MPC for electric ships. The results revealed that the use
of the proposed method provides less energy storage losses than MPC. In [74], authors proposed a
fuzzy-based particle swarm optimization (FPSO) as a power management strategy for ship electric
power systems, comprising integrated full electric propulsion, energy storage, and shore power supply.
The main multi-objective function of the optimization is to minimize operating cost and greenhouse
gas emissions. The proposed method provides better results in terms of minimum operational costs
and greenhouse gas emissions compared to conventional PSO. In other studies, Genetic Algorithm
(GA) is used to solve optimization problems including reconfiguration and restoration in ship power
systems [75,76]. In other studies, trim optimization is used to reduce the fuel cost and emissions
by minimizing fuel consumption [77]. Moreover, LINDO optimization software is used to achieve
restoration in ship power system by maximizing the restored load and giving priority to vital loads [41].
Biogeography based optimization (BBO) and particle swarm optimization (PSO) are other techniques
that can be used in ship microgrids. Out of these methods, GA has been recognized as a more reliable
solution for optimal DC voltage and power control in medium voltage DC (MVDC) shipboard power
systems [78]. Another study reported in [79] proposed a real-time optimization based on PSO to
optimally manage the power of notional MVDC system for a DC ship microgrid.
The multi-agent system (MAS) technique is one of the most advanced and flexible choices in
optimal control and power management [80–82], where there are multiple agents interacting with
each other in a cooperative manner to solve complex problems effectively [81]. Recent researches
have revealed that MAS techniques are able to achieve the minimum demand-supply mismatch,
while maximizing the capacity of energized loads, by determining the switch statues of loads in DC
zones [63,64]. This has further revealed that the system can be operated normally by preventing
blackout in the event of a failure in a subsection. In [83], a real-time heterogeneous MAS is proposed to
manage power for AES with a DC zonal system. The study found that incorporating real-time control
methods with MAS provides better performance than conventional MAS under the frequency load
shedding method. Table 1 summarizes recent developments in power management methods proposed
for ship microgrids.
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Table 1. Power management methods used in shipboard power systems.
Method

Constrains *

Objective
VL

Hybrid heuristics
and MPC based
EMS

Minimizing the cost to manage
the energy of storage system

Adaptive MPC

Maximize system reliability and
efficiency

√

Minimize the power tracking
error and storage losses

√

Real-time
multi-objective MPC
Fuzzy-based PSO
(FPSO)

Minimize the operating cost and
GHG

Multi- objective
non-dominated
Sorting Genetic
Algorithm II

Minimize the total power
adjustments, individual active
power set-point adjustments and
individual reactive power
set-point adjustments

Multi-agent

Minimize the mismatch between
generation and load and to serve
as many higher priority loads as
possible in operational real time
Maximize capacity of the
energized loads

Real-time PSO

Minimize the system’s cost and

Dynamic
programming

Minimize the total variable cost

F

SC

PCC

PB

GL OT GHG SS

TD RR

√

BP

GSS

√

√

√

ESS LL

SI

CC PG BC

√

√

√

√

√
√

√

√

√

√

√

√

√

√

√

√

√

√
√

√
√

√

√

√

√

√

√

√

√

Operating
Condition

Software/
Experimental

Ref.

Ramp rate
conditions

Software and
experimental

[11]

Normal

Software

[72]

Normal

Software

[73]

Normal

Software

[74]

Normal/alert

Software

[20]

Normal/Emergency Software

[63]

Normal/Emergency Software

[64]

Normal and
pulse load

Software

[79]

Cruise ferry

Software

[68]
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Method

Constrains *

Objective
VL

F

SC

PCC

PB

GL OT GHG SS

TD RR

BP

GSS

√

√

√

√

√

√

√

√

Dynamic
programming and
PSO

Minimum operation cost and
GHG emissions limitation

√

Recursive searching
algorithm

Minimize fuel cost and GHG
emissions limitation

√

Numerical
algorithm

Minimize fuel consumption

√

√

√

√

Fuzzy
Multi-objective
using adaptive
Generic Algorithm

Maximization of the Restored
Loads Considering the Load
Priorities and Minimization of the
Number of Switch Operations
Considering the Switch Priorities

GA

Maximizing the served load with
respect to load priorities after
fault occurrence

Real-time
heterogeneous MAS

Maximize the energized loads in
the dc zonal system

√

Reconfiguration
algorithms

Maximizing power delivery and
minimizing the number of
switching actions

√

√

ESS LL

SI

CC PG BC

√

√
√

√

√

√

√

√

√

√

* Refer to Appendix A.

√

√

Operating
Condition

Software/
Experimental

Ref.

Cruise ferry

Software

[69]

Normal

Software

[70]

Seven operating
conditions

Software and
experimental

[84]

Restoration

Software

[75]

Reconfiguration

Software

[76]

Normal and
pulse load

Software

[83]

Reconfiguration

Software

[85]
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Practically, the minimum SFC point does not represent the minimum fuel consumption of the
Practically, the minimum SFC point does not represent the minimum fuel consumption of the
engine due to power losses. Engine speed can also effect the SFC value as at high speeds it increases
engine due to power losses. Engine speed can also effect the SFC value as at high speeds it increases
due to the increase in friction. At low speeds, it increases due to increased time for heat losses [91].
due to the increase in friction. At low speeds, it increases due to increased time for heat losses [91].
In addition, load ripples on the generator can cause ripples on the engine SFC. Therefore, fuel
In addition, load ripples on the generator can cause ripples on the engine SFC. Therefore, fuel
consumption can be optimized by minimizing SFC subjected to operational constraints such as
consumption can be optimized by minimizing SFC subjected to operational constraints such as engine
engine speed and load ripple [84]. Energy storage systems can be used to absorb load ripples and
speed and load ripple [84]. Energy storage systems can be used to absorb load ripples and thereby
thereby reduce SFC. This results in on-board emission reductions [66,92]. Additionally, the utilization
reduce SFC. This results in on-board emission reductions [66,92]. Additionally, the utilization of energy
of energy storage systems such as batteries is common to restore power system frequency and voltage
storage systems such as batteries is common to restore power system frequency and voltage [93,94].
[93,94]. Moreover, energy storage systems provide a reliable solution to supply multiple pulse
Moreover, energy storage systems provide a reliable solution to supply multiple pulse loads [95,96].
loads [95,96].
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5. Concluding Remarks and Future Trends in Ship Microgrids
With the growing demand for low emissions and fuel efficiency improvements in the maritime
industry, alternative energy sources and energy storage technologies are becoming popular in ship
microgrids. This paper presents a review on ship microgrid architectures, control technologies, and
recent developments in power management strategies. In addition, the author’s original research on
the performance of droop control based power sharing is presented.
The growing interest for incorporating more-electric technologies into ships increases the demand
for electrical power. Therefore, in large ships, HVAC distribution is preferred over LVAC distribution.
Moreover, compared to radial architecture, ZEDS architectures are becoming popular in ship microgrids
mainly due to their ability to prevent blackouts during faults in certain sections. Nowadays,
the integration of renewable energy sources and energy storage systems is gaining attention due
to the growing demand for emission reductions and fuel efficiency improvements. This trend is
mainly supported by advancements in associated power electronics converter technologies. Moreover,
energy storage systems are used to smoothen severe load transients and thereby obtain a more
stable and secure shipboard power system. Hence, the ship microgrid can achieve power system
stability by balancing demand and supply in real time while satisfying operational constraints.
Moreover, with the advancements in power electronic technologies, the trend toward using DC
distribution systems on-board is becoming popular [2]. One common recommended design is the
medium voltage DC (MVDC) distribution system, with a voltage range of 1 kV to 35 kV [97]. This is
mainly due to several advantages that DC distribution systems offer over AC distribution, including
the possibility of implementing prime mover speed optimization to reduce fuel consumption and
emissions, the flexibility to integrate renewable energy sources and energy storage systems, and the
absence of reactive power and harmonic issues. Therefore, more focus is recommended to be taken on
topics related to DC ship microgrids in future work.
On the control point of view, despite having certain limitations and disadvantages such as
voltage and frequency deviations and the effects of current harmonics on the voltage regulation,
droop control will continue to be the popular choice in AC ship microgrids. This is mainly due to
the presence of synchronous generators and HV distribution systems in ships, a combination that
is for droop control. Even though the presence of alternative energy technologies such as PV, wind,
and fuel cells in ship microgrids continue to grow, their power levels are relatively small and thus
the corresponding interfacing converters act as grid feeding inverters. Moreover, energy recovery
technologies such as waste heat recovery are being incorporated into ship microgrids to improve fuel
efficiency. The corresponding interfacing converters also work as grid feeding inverters. Once these
grid feeding inverters are added into a ship microgrid, its control becomes complex. The hierarchical
control framework, which is well explored in relation to complex terrestrial microgrids, can be adopted
to these ship microgrids as well.
In terms of power management optimization, several studies reveal that using meta-heuristic
optimization methods such as PSO and GA provide more promising optimization results than classical
methods. This can be achieved, as meta-heuristic methods are capable of solving multi-objective
optimization problems while satisfying several technical and operational constraints. Moreover,
several studies used the MAS technique for the control and power management of shipmicrogrids.
It is concluded from studies incorporating real-time control methods with MAS, that this combination
provides better performance than using conventional MAS alone.
Communication plays a major role in assuring the safe and reliable operation of ship microgrids.
In order to achieve these objectives, communication algorithms should be highly reliable, time-critical,
and computationally not very complex. Terrestrial microgrids have similar requirements in terms of
communications and thus similar methods, developed for terrestrial microgrids, can be adopted for
ship microgrids.
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Appendix A. Power Management Constraints
VL
SC
PB
GHG
TD
RR
ESS
SI
PG

Voltage limit
Source capacity
Power Balance
Greenhouse gas emission
Travel distance
Ramp Rates
Energy Storage System level (charge/discharge)
Stability index (transient angle stability index)
Power Generation limit

F
PCC
OT
SS
BP
GSS
LL
CC
BC

Frequency
Power Converter Capacity
Operating time of Gen.
Ship speed
Blackout Prevention
Generator start/stop
Load level/Limit
Cable/branch current
Bus current
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