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Abstract: The Ship’s Digital Twin (SDT) is a digital record of a ship’s behaviour or a software clone,
which can be used to simulate scenarios that are expensive or hardly feasible to perform on a real
object and especially in real time. The purpose of the SDT is to achieve cost reduction, obtain timely
warnings of irregularities, and optimise individual ship system performances or the operation of
the whole ship and to assist ship management. The aim of this paper is to describe the concept of
the SDT and clarify some perplexities that may occur from initial introduction to concept. To that
end, the paper identifies the steps in the SDT formulation process and methods used in each step of
the process. Furthermore, a four-step iterative procedure for the SDT development is proposed. The
applications of the concept are numerous, and some of them are presented in a review analysis in
this paper. The presented analysis leads to a conclusion that should give some direction to future
research in this area.

Keywords: ship; digital twin; development procedure; modelling methods; applications; review
analysis

1. Introduction

Although the concept of a digital twin (DT) can be found described in the literature,
e.g., as in [1], and although a digital twin as a term is being used increasingly in different
fields of technical sciences, the concept remains unclear mostly in the way of differentiat-
ing a DT concept from an ordinary computer simulation model. Furthermore, the concept
is sometimes related to a cyber-physical system (CPS) as described in [2-5], a part of the
CPS as described in [6], or as a digital model and digital shadow, which can be combined
to form a DT as described in [7].

What makes a digital twin of a ship (SDT) and how to create one in a systematic and
reliable fashion were motives for this research. Therefore, this paper presents a review
analysis of the SDTs developed so far, based on the available literature. It presents the
concept, identifies the steps and methods used in the SDT formulation process, as well as
communication protocols used in different stages of the process. The applications of the
SDT are numerous, and some of them are presented in this paper.

Furthermore, the paper proposes a four-step iterative procedure for the SDT devel-
opment that is based on data acquisition, data processing, modelling, and model valida-
tion. Recalibration of the model using the new data is possible, thus making the process
iterative, and it is performed once the new input data become available. In the same way,
SDT outputs are used on a real object depending on the level of connectivity between the
SDT and the ship. Thus, the connectivity and communication level between the ship and
its DT is essential.

The SDT concept relies on data it would expect for the advanced data modelling
methods, such as artificial intelligence, used in [8-12], and data-driven modelling (DDM),
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used in [12-14], to take prime in this area. However, conventional mathematical models
have often been used for the purposes of creating an SDT, as in [15-22].

SDT applications found in papers [8-27] were analysed according to the standards of
the DT formulation process set in this paper. For every case study, methods used to form
a DT, applications, and steps of the DT formulation process were analysed. Some of the
common applications are maintenance and condition monitoring, as in [8], system identi-
fication for fault detection, as in [9], cost reduction, as in [17], remote control and moni-
toring, as in [24], and various applications, as in [21], whereas ships’ systems can be mod-
elled for the purpose of decision-making support, as described in [23].

The simulation aspect of a DT concept was reviewed in [28], while ref. [29] discussed
challenges in DT application for maintenance of marine equipment. Furthermore, ref. [30]
analysed advantages and contrasted them with challenges, thus identifying benefits of DT
implementation, while ref. [31] addressed the main research focus and future fields of
interests regarding the DT concept. The literature review for DT concept applications for
the purpose of maintenance was discussed in [32], while ref. [33] conducted a systematic
literature review and analysed DT trends and strategies.

Main areas that need to be researched in order to efficiently implement a DT both in
the maritime industry and in general were identified in [34] and include: sensor technol-
ogy, signal processing and filters, modelling methods such as machine learning (ML), DT
architectures, and application programming interfaces (API).

The review analysis presented in this paper gives some direction to the formulation
process of an SDT and suggests further research that should be performed in that area.

2. SDT Concept Development and Methods Used

DT has many definitions, all revolving around the same idea of modelling, data ac-
quisition, data processing, and simulation, as described in [35]. An integrated multiphys-
ics, multiscale, probabilistic simulation of an as-built system that uses the best available
models, sensor information, and input data to mirror and predict activities or perfor-
mances over the life of its corresponding physical twin, as stated in [36], can be offered as
the most appropriate one.

Considering the definition and taking into account related work, the procedure of
creating an SDT could be divided into four basic steps that include: defining the purpose
of an SDT, collecting and processing the necessary data, and modelling and validating the
model. Once the purpose of an SDT has been defined, the next three steps can repeat in a
cycle depending on the data availability and connectivity level between the ship and its
twin, as presented in Figure 1.
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Figure 1. SDT concept as an iterative process.

2.1. The Purpose of the Model

As described in [1], an SDT concept can be divided into fields of application, and
collected data for each application field are processed for later modelling, simulation, and
behavioural analysis for the purpose of control, prediction, and decision-making support.
Therefore, defining the purpose of the model might be considered as the initial step of the
SDT formulation process.

2.2. Data Acquisition and Processing

SDT uses sensors installed onboard to collect data, such as heading, vessel speed,
GPS coordinates, azimuth angles, propulsion power, engine speed of rotation, engine
load, vibrations, and structural strains, depending on the purpose. However, sensor logs,
or raw data, could not usually be immediately useful for a DT, i.e., it might be necessary
to perform data processing to extract physical meaning from it, as noted in [1].

Therefore, data acquisition and data processing could be identified as the second step
of the process. The data acquisition method and the purpose of the model are ones that
would determine the choice of data processing method. For instance, stress data collected
from optical sensors and stress data collected from strain gauges require different meth-
ods to extract useful information from the data.

For data processing purposes, various methods have been used, such as filtering out-
liers, as in [8,13], filtering noisy data, as in [18], interpolation and calculation of wave spec-
tra, as in [16], data fusion, as in [10,12], calculating root-mean-square (RMS) values from
raw data, as in [13,20], convex optimisation, as in [21], skewness and kurtosis analysis, as
in [13], and Fourier transformation, as in [26].

2.3. Modelling and Modelling Methods

Processed data are then used for modelling, which can be identified as the third step.
Traditional physical-based mathematical modelling has often been used; however, it
would be expected for a DT concept to benefit from the application of data-based model-
ling tools such as time series models, artificial neural network algorithms, fuzzy logic, and
genetic algorithms.
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Modelling methods used for DT development in the reviewed literature vary based
on scope of application, starting from conventional mathematical modelling and statistical
analysis used in [13,15,17,18,21,22], the finite elements method (FEM) used in
[11,12,16,20,21,26], data-driven modelling (DDM) used in [8,12-14], artificial neural net-
works (ANN) used in [8-11], grey-box modelling (GBM) in [10,27], cycle mean value
(CMV) in [15,19], boundary element method (BEM) used in [24], model based systems
engineering (MBSE) used in [23], and model-based design (MBD) as used in [25].

BBM represents the input-output relation based on acquired data, thus being based
entirely on empirical data, while WBM represents purely theoretical modelling based on
system equations, as stated in [27]. In between the two, GBM combines acquired data with
the theoretical model, and its use has been proposed in [10] to develop a DT predicting
fuel consumption and ship speed. Moreover, a GBM method has been proposed in [27] to
develop a DT model of a boost converter as part of a shipboard power system. In [27] also,
an artificial neural network (ANN) and the available data were used to develop GBM,
which was validated to successfully predict fuel consumption and ship speed.

The use of an ANN and regression analysis was proposed in [8] to estimate the effect
of fouling on ship speed and hence on fuel consumption, operating costs, and emissions,
requiring only operational data as input. In addition, changes in the speed loss distribu-
tion were calculated with robust regression. The combined use of the ANN and statistical
analysis was proposed in [9] by implementing two algorithms on data collected through
a step-input test on the electric propulsion motors in a four-corner manoeuvre scenario.
The first algorithm calculates the mean value and standard deviation of an electrical cur-
rent and propeller speed, measured at different set-points of a propulsion motor power.
The acceptable range of electrical current for each set-point was set to three standard de-
viations below and above mean value, indicating a normally operating motor. The case of
values going out of range for more than two seconds was considered as a fault of the
propulsion motor. The second algorithm is the ANN algorithm, where the input nodes
are set-points of propulsion motor power, motor speed, and current, and the output node
represents the state of the propulsion motor, where 0 represents a normally functioning
motor, while 1 represents a faulty motor. If the output node value is at 0.8 for more than
0.5 s, an alarm is triggered.

CMYV is a mathematical modelling method for the transient response of machinery
working in iterative cycles such as a marine diesel engine, and its use was proposed in
[15], thus developing a cycle mean value (CMV) model of a marine diesel engine that was
further compared with a model developed using the Runge-Kutta method. A statistical
analysis method was proposed in [21], where data acquired from DT and the real system
(physical twin) were analysed, thus forming a basis for data correction and error detection
such as detecting outliers or stuck values caused by malfunctioned sensors.

DDM represents modelling based on the acquired data, and it was proposed in [14]
to develop a DT of a ship and ship crane system. MBSE represents the formalised appli-
cation of models throughout the lifecycle of a physical twin, as described in [37,38], and it
was proposed in [23] to develop a DT of a cruise ship. Furthermore, MBD represents a
modelling method entirely based on simulation models, and its use was proposed in [25]
to form a DT of a ship electric power system.

FEM and the 3D panel method were used in [16] to perform an analysis with refer-
ence to the Classification Society ClassNK guidelines for direct load analysis and strength
assessment. A DT of a cruise ship structure was created from a 3D model. Combined
weather data and data from the AIS (Automatic Identification System) were used as the
basis for the analysis using Rayleigh distributions in 3D NAPA software. Ship speed and
wave direction were used as input variables for the 3D panel method, where wave scatter
plots were created from the time series of wave conditions at specific positions of a ship.

In [20], the use of FEM was proposed to analyse the ship drivetrain based on data
acquired by implementing sensors on a laboratory drivetrain test rig model. Similarly, ref.
[11] proposed an FEM and ANN approach to form two models of a ship structure, while
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ref. [26] proposed an FEM approach to build the DT of a ship-synchronous generator and
conducted transient analysis using wavelet transformations and Fourier analysis.

Mathematical modelling of the ship behaviour for the DT development was been
proposed in [22], as well as in [18], where the power system of a ship was modelled using
mathematical equations along with blackout dynamics and generator load distribution.
Few blackout prevention methods have been proposed based on power consumption
monitoring, such as fast load reduction. A DT model of a ship’s hull, by fusing several
models based on FEM, CAD, and machine learning, was proposed in [12].

Ship Power and Propulsion Systems were modelled in [17], in which the diesel en-
gine was modelled by a transfer function with the fuel index as the input variable and the
generated torque as the output variable. An alternator was modelled in the dq-reference
frame, as a three-phase synchronous machine with salient poles, where the swing equa-
tion was used to describe the rotor dynamics. The fuel supply system was modelled as a
PI controller that controls the fuel index as a function of the difference between measured
and reference speed, i.e., speed error. An automatic voltage regulator (AVR) controlling
the excitation voltage was modelled as a regulator with an error as an input, calculated as
a difference between measured and reference voltage. Switchboards were modelled as a
set of breakers described by resistance. Three-phase induction propulsion motors, pow-
ered by AC/AC inverters, were modelled in the dg-reference frame, where direct torque
control with space vector modulation was used as the control strategy. Fixed-pitch pro-
peller dynamics were modelled with varying torque as a function of propulsion power
and shaft speed, while auxiliary and hotel loads were modelled as three-phase loads with
adjustable reactive and active power for different types of load simulation. Batteries were
modelled as lithium-ion type with voltage as a function of current and state of charge. The
systems were modelled in Matlab/Simulink and wrapped as Functional Mock-up Units
(FMUs) as four sub-simulators using the Open Simulator Platform (OSP) architecture
based on the FMI (Functional Mock-up Interface) standard as described in [39]. Modelling
of a three-phase electrical motor in a dg-reference frame can be found explained in [40].

The BEM was proposed and used in [24] to develop a DT of a scaled ship model used
for remote control. The scaled model of a ship was tracked using a stereoscopic system
with five reflective targets, while the DP (Dynamic Positioning) system transmitted the
rotational speed of the propellers and the azimuth angle to the operator’s screen.

2.4. Validation of the Model

Once the model is formed, it should be tested in order to determine its accuracy and
reliability. The validation of the model is then the fourth step of the process, and different
measures of evaluation have been used for that purpose.

Validation measures, i.e., numerical evaluation measures, include the acceptable
range of values in a specific operating condition based on standard deviation (SD) o, as
used in [9,10,18], relative error (RE), as used in [15,18,27], root-mean-square error (RMSE),
as in [41], persistency index, as used in [41], mean absolute error (MAE), as used in [41],
mean error (ME), as used in [10], and the squared sum of residuals and correlation coeffi-
cient R, as used in [11].

Graphical evaluations of model responses have also been used, such as scatter plots,
as used in [9], and histograms and linear robust regression, as used in [8], and direct com-
parisons of the model response to measured data have often been used, e.g., as in
[15,17,18,20,21], and the validation method of the model was sometimes not specified, as
in [14].

Once it becomes available, the new data can also be used for recalibrating the model,
which makes the whole process iterative. Once it is recalibrated, the model must go again
through the validation process before it can be used.
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3. Connectivity Issues and Communication between the Ship and SDT

An SDT can be defined as a synthesis of a sensor network installed on a ship, provid-
ing insight into a real ship by observing various systems onboard, and simulation soft-
ware where operational insight into users is given as a result of processing acquired data
whether onboard or onshore, in a cloud, operating centre, etc. This means that the com-
munication between an SDT and a real object, the ship, is very much alive and represents
another issue in the process that needs to be considered in terms of concept development,
which is also identified in [12] as a challenge that limits SDT’s potential.

Regarding the level of connectivity between the DT and a real object, six DT topolo-
gies were proposed in [42], namely: disconnected DT, connected DT, embedded DT, ag-
gregated DT, multi-device DT, and combined DT. A disconnected DT has no connections
with a real physical twin, due to connection nonfeasibility, unlike a connected DT, which
has a stable connection to the physical twin all the time. An embedded DT is embedded
in a physical twin, while an aggregated DT is composed of multiple DTs. A multi-device
DT is connected to multiple physical twins, while a combined DT combines several afore-
mentioned topologies. As communication between the ship and its twin should be in real
time, in the best case, it can be assumed that DT concepts should stream towards a con-
nected DT topology. However, this issue is expected to be a subject to compromise be-
tween different influencing factors, including the economical side as well.

Commonly used communication protocols and standards in DT formulation, in ac-
cordance with the Open Systems Interconnection (OSI) reference model, are reviewed in
[43,44]. The OSI reference model is a conceptual model, enabling network communication
between diverse communication systems or devices. It is based on seven stacked-up lay-
ers, each responsible for a specific purpose in the communication process and responding
to the requests of an adjacent layer. Seven layers are, starting from the first: physical, data
link, network, transport, session, presentation, and application layer, as presented in Fig-
ure 2.

The physical layer defines properties of a physical medium, i.e,, communication
channel for data exchange. The data link layer defines the format of the data exchanged
over the network. The network layer breaks up data into smaller units, i.e., data packets,
reassembles them on the receiving device, and routes data to reach their destination. The
transport layer is responsible for error control to ensure that the data are completely re-
ceived or transmitted. The session layer is responsible for opening and closing a commu-
nication session for data transmission to prevent waste of processing resources. The
presentation layer ensures a correct and usable data format. The last layer, application
layer, being the only layer that is in direct interaction with the user, is responsible for
presenting data in a user-perceivable format.

Commonly used physical layer standards are Ethernet, Wireless-HART as explained
in [45], RG-6, CANBus, RS-485, and RS-232. The data link layer utilises standards such as
CDMA (code-division multiple access), CSMA/CD (carrier-sense multiple access with col-
lision detection), CSMA/NBA (carrier-sense multiple access with nondestructive bitwise
arbitration), Modbus, OpenFlow, PTP (precision time protocol), and wireless-HART as
explained in [45]. The network layer includes IPv4 and IPv6 protocols as explained in [46].
The transport layer protocols include the TCP/IP (transmission control protocol/Internet
protocol), UDP (user datagram protocol), ControlNet, and DeviceNet, while the session
layer includes the CIP protocol family, Modbus, TCP as used in [5], and EtherCAT. The
presentation layer includes the CIP (Common industrial protocol) family and EtherCAT.
Finally, the application layer includes the CIP protocol family, OPC (Open platform com-
munications), OPC-UA (Open platform communications— Unified architecture) as used
in [47] and explained in [45], MQTT (MQ Telemetry transport) as used in [14] and ex-
plained in [45], MTConnect as explained in [42,48], AMQP (Advanced message queuing
protocol) as explained in [45], SOAP (Simple object access protocol), CoAP (Constrained
application protocol) as explained in [45,49], NTP (Network time protocol), Wireless-
HART, Modbus as used in [14], PROFIBUS DP, and PROFINET.
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Figure 2. Communication layers and protocols.

4. Applications

Generally, applications can vary; however, they could be classified into some basic
groups such as condition-based maintenance and predictive maintenance, as in [8,23], de-
cision-making support, as in [12,22,23], condition monitoring, as in [9,16,26], cost reduc-
tion, as in [17], testing and simulation, as in [24], testing the integration of various systems
onboard, as in [1], training personnel, as in [50], and overall optimisation, as in [10,13,18].

4.1. Maintenance and Condition Monitoring

Condition-Based Maintenance (CBM) is of great importance to the maritime industry
as it can prevent unexpected failures due to the wear-off and/or stress fatigue that occur
over time, and which can cause significant expenses or even disasters. The DT concept for
the purpose of CBM is further justified as the blackout incident of the Viking Sky cruise
ship could have been avoided, as stated in [51], by simulating and detecting possible fault
scenarios using the DT of a ship. The incident occurred due to the loss of lubrication oil
pressure of generator diesel engines, caused by heavy sea and low lubricating oil levels in
the tank. Such a failure forced engines into a shutdown procedure, which caused a black-
out and, consequently, loss of propulsion and near grounding, thus forcing the crew and
passengers to abandon the ship.

The effect of propeller and hull fouling on ship speed was estimated in [8]. The foul-
ing process is relatively fast and its impact on the overall efficiency of the ship can be
estimated to within a few months, which opens opportunities for maintenance optimisa-
tion as a typical sailing interval takes about four to five years. The research results pre-
sented in [8] showed positive correlations between the hull and propeller condition and
the speed loss. Moreover, inadequate hull and propeller performance is estimated to re-
duce the efficiency of the entire world fleet by 9-12%, as stated in [8].

As the data acquired can be used to make predictions and track the actual condition,
it is possible to schedule maintenance according to these calculations, i.e., DT’s predic-
tions. Furthermore, the recorded data may be used to determine maintenance efficiency,
based on the recorded condition before and after maintenance activity.

DTs can be used to simulate, analyse, and predict environmental effects such as wind,
waves, and ocean currents on the ship structure. In [16], analysis was performed to esti-
mate the fatigue damage and calculate the cumulative damage based on the collected data
on a real cruise ship during 970 days of operation. The resulting fatigue damage estimates
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were further used to conclude the structural damage and remaining fatigue life of a cruise
ship balcony.

In [20], analysis was performed for the purpose of condition monitoring and mainte-
nance of a ship drivetrain, and vibration analysis. The results indicated a lower simulation
accuracy with the increase in model fidelity, thus dictating further research as low-fidelity
models were found inappropriate for digital twin applications. In [11], research was con-
ducted for the purpose of condition motoring of ship structures, thus identifying the ship
structures to be monitored and adequate strain sensor location. The paper [25] proposed
a DT of a ship electric power system for the purpose of the offline simulation of mainte-
nance and subsystem upgrades. Research has been conducted to investigate requirements
for the MBD methodology, as well as the HIL (Hardware-in-the-Loop) capabilities of pro-
posed methodology.

In [13], implementation possibilities of the DT concept were researched by conduct-
ing full-scale measurements on a ship, thus installing sensors and analysing acquired data.
The results of the research imply further actions such as the implementation of real-time
data acquisition, processing, and transmission infrastructure ensuring benefits for the
stakeholders of a ship by means of optimising maintenance intervals, remote assistance,
structural stress analysis, autonomous operation, and improving the safety of navigation.

In [26], a DT of a ship-synchronous generator was proposed for the purpose of con-
dition monitoring and mechanical defects identification. Transient analysis was con-
ducted, making it possible to identify abnormalities in the frequency spectrum of the
forces, electrical current, and voltage, thus identifying mechanical malfunctions. The pro-
posed approach still needs to be validated.

A system identification performed for the purpose of condition monitoring and fault
prediction can be found in [9], as it showed the development of a DT fragment of an ex-
perimental autonomous ship. The DT development was based on a 1:20 scaled model of
a ship being built. The identification was performed using proposed algorithms on data
collected during a manoeuvre scenario that couples swaying, surging, and yawing mo-
tions.

4.2. Decision-Making Support

Knowledge and experience required for shipbuilding is spread through several en-
gineering fields. To overcome the complexity issue, shipbuilders are turning to computer-
aided technology, which can then be used to form the basis for a DT. In addition, ship
owners are increasingly demanding lifecycle projections and decision-making support,
where the power generation system will have the greatest benefit through process and
maintenance optimisation, especially throughout a ship’s lifecycle.

In [12], a DT model of a ship’s hull was proposed for the purpose of decision-making
to preserve structural integrity. Due to the recent implementation and slow dynamics of
hull processes, the proposed concept has not been validated yet.

Paper [23] proposed a DT of a cruise ship, which is among the most demanding ship
types for shipbuilders due to the requirements of safety, comfort, entertainment capabili-
ties, reliability, and effectiveness. The cruise ship’s DT was proposed to provide decision-
making support and alerts, as well as to predict changes in the ship over time.

Paper [22] proposed a DT application for ship trajectory prediction utilising real-time
visualisation of the predicted trajectory, thus augmenting the current scene of the envi-
ronment on the computer screen in the wheelhouse. The proposed approach offers real-
time decision-making support for navigating in hazardous navigation areas but needs to
be further researched and validated.

4.3. Cost Reduction

Paper [17] presented a DT of a ship electrical power and propulsion system, consisting
of two diesel generators (DG1 and DG2), two propulsion electric motors, a fuel supply system,
switchboards, and AVR units. The simulation experiments were performed to simulate events
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in a consecutive order, enabling conclusions about the operation of the ship’s power system.
The experiment confirmed expected system dynamics by means of frequency and voltage
fluctuations after increasing and decreasing load, as well as the controller dynamics when
sharing loads between generators. OSP enables the connection of models of various subsys-
tems, usually covering different engineering fields to form an overall model of a system, thus
enabling the collaboration of experts from various fields of engineering on a single platform,
which results in time and money savings. The advantage over other simulator solutions lies
in the fact that the OSP is an online open-source standardised and collaborative environment
for model exchange in maritime industry.

4.4. Remote Control and Monitoring

Paper [24] presented a DT of a scaled ship model that uses a DT to control the model
remotely by adjusting the set points through a DT interface. There were four possible ap-
plications of the DT proposed in [24], ranging from monitoring functionality, identifying
the ability of the DP system to maintain position, predicting ship behaviour in future op-
erations, and simulating various parameters not considered during exploitation. The tests
of the concept were performed in the Numerical Offshore Tank at the University of Sao
Paulo, where measured variables were directly used for 3D visualisation of a DT’s move-
ment on operator screen.

One of the few applications of the DT concept in real-time was presented in [14],
proposing a simulation and remote-control centre concept utilising real-time data transfer
from a ship and ship crane system to an onshore simulation and control centre for the
purpose of remote control, monitoring, and crew assistance.

4.5. Various Applications

Modelling a ship’s power system to increase the overall efficiency was studied in
[18], demonstrating an improvement in response time and false blackout detection. Oper-
ating costs were reduced by the proposed long- and short-term generator load distribu-
tion optimisation, which resulted in 6% to 8% fuel savings and lower maintenance costs.
The propulsion system was optimised to reduce its impact on the bus-bar frequency by
predicting disturbances and thus power fluctuations via the proposed quasi-static load
limiting controller based on real-time measurements. Power redistribution control was
proposed to mitigate voltage and frequency fluctuations that dynamically affect thrusters
and other large consumers, drastically improving grid stability without affecting the re-
sponse of the ship.

In [10], a novel approach was proposed to develop a DT model for voyage perfor-
mance evaluation by predicting ship speed and fuel consumption of a bulk carrier where
AIS data and noon reports were expanded with weather hindcast data. The developed
model was validated, thus consequently enabling the basis for GHG (greenhouse gas)
emissions reduction as the ship speed, fuel consumption, and GHG emissions are corre-
lated. As the proposed modelling approach did not include sensor-collected data, it can
be applicable on various ships and, in the case of a fitted sensor network on-board, could
be further expanded.

When designing a DT, as in any modelling, a compromise must be made between the
complexity and real-time performance. The paper [15] proposed a modelling approach of a
marine diesel engine that satisfies that compromise. The proposed model outperformed the
differential equation model based on the Runge-Kutta method in terms of calculation speed,
while acquiring low relative error values during HIL experiments in the validation procedure
on a marine diesel engine test-bed, thus making it a basis for anomaly detection, failure mode
management problems, tracking thermal efficiency, and emissions prediction.

In addition to the aforementioned purposes, ref. [21] proposed a DT concept for the pur-
pose of real-time sensor data reconstruction and error detection and correction, thus validat-
ing and correcting data acquired from the heat exchanger system. The method proposed in
[21] offers a wide range of applications and is not limited to heat exchanger systems.
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In [27], a DT model of a boost converter as part of a shipboard power system was pro-
posed. The paper dealt with problems in grey-box parameter identification methods rather
than focusing on the application purpose, thus comparing two algorithms for minimising the
error between the predicted and measured values. As a result, further work was been pro-
posed to investigate the best global optimisation algorithm used for parameter fitting.

5. The Review Analysis of SDTs

The analysis of the models, methods, applications, and steps of DT formulation processes
developed so far and presented in the reviewed literature is listed in Table 1. The analysis was
performed in accordance to the four-step iterative process for the SDT development proposed

in this paper.

Table 1. The review analysis of DT models, formulation steps, methods, and applications.

Paper A
(Author, Year) Model Steps Methods Application
Radani 121" 2008, Ship electric power system I I, 11, IV Mathematical modelling Various
Dufour, C. et al. Maintenance and con-
! ’ hip el i I 11, III BD, HIL
2018, [25] Ship electric power system Y MED, dition monitoring
Danielsen-H i -
anielsen-taces, Electric propulsion system I 11, 111, IV ANN Maintenance and con

A., 2018, [9]

dition monitoring

Bekker, A., 2018,

[13] Behaviouristic model of a ship

I I 10

Maintenance and con-

DDM, Statistics .. C .
dition monitoring

Coraddu, A. et

Maintenance and con-

al,, 2019, [8] Propulsion system and ship hydrodynamics I 10, I00L, IV ANN, DDM dition monitoring
Arrichiello, V. et Hull structure and machinery L III, I MBSE Decision-making sup-
al., 2019, [23] port
Hulkkonen, T. et . . Maintenance and con-
al,, 2019, [16] Ship structure (balcony opening) L II I FEM dition monitoring
Johansen, S. et Ship drivetrain [IL 10 IV FEM Maintenance and con-

al., 2019, [20]

dition monitoring

Bondarenko, O. . .
Diesel engine

I IO, 11, IV

Mathematical model- .
Various

et al., 2020, [15] ling, HIL, CMV
Fonseca, I. et al., Ship hull and propulsion system behavioural I I BEM Remote control and
2020, [24] model T monitoring
Manngard, M. et . . Mathematical model- .
al,, 2020, [21] Heat exchanger of a diesel engine I I I, IV ling, Statistics, FEM Various
Liu, M. etal, Ship speed and fuel consumption LI, 100, IV GBM, ANN Various
2020, [10]
Perabo, F. et al., . . . . .
2020, [17] Ship power and propulsion system L 1IIL 10, IV Mathematical modelling ~ Cost reduction
Anyfantis, K. N. i -
nyfantis, K. N., Ship hull structure I I1, 101, IV FEM, ANN Maintenance and con
2021, [11] dition monitoring
Major, P. et al,, . . Remote control and
2021, [14] Ship and ship crane I IO, 100, IV DDM, HIL monitoring
Galeev, R. E. et . . . . Decision-making sup-
al, 2021, [22] Ship trajectory LI 10 Mathematical modelling port
Grinek, A. V., et Maintenance and con-
! ! hi h L 11, III FE
al., 2021, [26] Ship synchronous generator o M dition monitoring
Wunderlich, A. et Boost converter as a part of ship power sys- I 111 GBM Various
al., 2021, [27] tem
VanDertiom, E. Ship hull structure I I, 1T FEM, DDM Decision-making sup-

etal., 2021, [12]

port
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By analysing the number of SDT publications in the past four years, a positive trend
in the number of publications per year can be noted, as shown in Figure 3. The results of
the analysis of the SDT formulation concept in accordance to the steps proposed in this
paper indicate that 53% of the reviewed publications use all proposed steps, while 42% of
the reviewed publications use three, and 5% use two proposed steps, as shown in Figure
4. The most common step not being used is the fourth step, i.e., the validation, not used in
89% of the publications that did not use all steps.

Nine different modelling methods have been used in the reviewed papers, as well as
the combinations of these methods, where mathematical modelling and FEM are the two
most commonly used, as shown in Figure 5. Both were used in 22% of the reviewed pub-
lications, while classical data-driven modelling methods and its modern sibling, ANNSs,
were each used in 15% of the cases considered. Grey box modelling, as a hybrid of the
physical and data-based approach, has been used in 7% of the cases, as well as CMV, while
the rest of the methods have been used in single cases.
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Figure 3. Number of SDT publications in the last four years.
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Figure 4. The use of the proposed steps in reviewed literature.
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Figure 5. Modelling methods review.

The most common ship system being modelled is an electric power system or one of
its components, as found in 23% of the reviewed case-studies, followed by the propulsion
system and ship hull structure modelled in 18% of the reviewed publications, as shown
in Figure 6. SDTs have been found mostly used for maintenance and condition monitor-
ing, as proposed in 42% of the reviewed literature and shown in Figure 7.

Ship Ship hull /
hydrodinamics structure
4% 18% Marine diesel

Ship

behaviour engine
14% 14%

‘ Ship trajectrory,
, speed & fuel
consumption
9%

Propulsion

system
18% . .
Ship electric power
system
23%

Figure 6. Percentage of the ship’s systems modelled in reviewed papers.
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Decision-making
support
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Remote control and
monitoring
11%

Cost
Reduction
5%

Maintenance & condition
monitoring
42%

Figure 7. Percentage of the application purposes as presented in reviewed papers.

6. Discussion

As presented in the paper, the digital twin of a ship, an SDT, is an evolving concept
that can be a useful supplement in the control of the individual ship processes, or can
improve the overall control strategy and ship management. As such, an SDT is becoming
an important part in both shipbuilding and the ship’s exploitation. However, it also pre-
sents challenges in all aspects, from data acquisition and communication, modelling and
simulation, to the implementation of the concept and standards establishment.

It can be noted how SDTs should stream towards flexible structures that could be
extended and upgraded over time, and how further research should be performed in each
direction of the SDT formulation process in order to improve the concept, explore the
methods, and expand the application area.

Further research planed by the authors is oriented towards modelling and prediction
of ship motion and hull stress induced by waves. The authors of the paper intend to de-
velop a digital twin of a ship for ship hull condition monitoring and fatigue prediction
based on full-scale measurements and also to model the relationship between waves and
ship motion. The measurements have already been performed in both case studies.

7. Conclusions

Over 100 published papers on the topic of a digital twin (DT) are considered in order
to investigate the use of DTs in maritime industry, and 51 of those serve as references for
writing this paper, while 19 papers are found dedicated to the digital twins of a ship or
ship subsystems. The analysis presented in this paper suggests a continuous positive
trend in the number of SDT-related publications in the last four years that justifies the
research of an SDT concept.

One of the goals of the work presented in this paper is to investigate the steps of the
SDT formulation process and to make a review of the methods used in the process, com-
munication protocols, as well as to describe the applications in maritime industry. An it-
erative four-step procedure for creating an SDT is proposed, with data acquisition, data
processing, modelling, and validation of the model making those steps. The steps pro-
posed in this paper for the SDT formulation are justified as those steps can be related to
the steps found in most (52%) of the reviewed papers, and 3 out of 4 steps can be found
used in 95% of the reviewed publications.
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Methods used to form DT models are various, ranging from traditional physical-
based mathematical modelling to modern data-based modelling approaches such as arti-
ficial neural networks. As an SDT concept relies on data, it would be expected for data-
based modelling, and especially artificial intelligence, to take over the prime lead in this
area. However, classical physical-based modelling using mathematical modelling and
FEM methods were used in 44% of the cases analysed, while data-based modelling was
used in 30% of the cases. The results suggest the variability of the methods used and case
dependency; hence, the modelling method is chosen based on the application purpose,
possibilities, and case-based constraints.

Based on the review presented in the paper, it can be concluded that the ship’s digital
twin can be usefully and efficiently exploited in terms of maintenance scheduling, predic-
tive maintenance, fault prediction, real-time fault detection, optimisation of the processes
onboard the ship, e.g., fuel consumption reduction, pollution impact reduction, ship’s hull
condition monitoring, and overall cost reduction, where the most common SDT applica-
tions focus on condition monitoring and condition-based maintenance, as found in 42%
of the cases reviewed. The analysis showed that the propulsion system (18%), ships struc-
ture (18%), and electrical systems (23%) are the most common case-studies.

Communication standards and protocols used in the SDT concept are well-known
and verified by use in various industries through the past twenty years. A commonly used
reference model for communication standards comparison is the ISO OSI reference model
according to which some of the standards, such as the CIP protocol family, EtherCAT, and
MTConnect, cover multiple layers of the reference model. Considering the communica-
tion standards available, it can be concluded that one of the major challenges regarding
the use of SDTs is the real-time communication with the real object.
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