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Abstract. Marine operations are becoming more and more demanding. Efficient
modeling and analysis of marine operations under environmental effects, espe-
cially in high sea states, will provide a means to improve operational safety.
Traditional modeling and analysis are often carried out based on establishing the
combined equations of themulti-body system.However,modeling, simulation and
analysis of sub-systems may be performed in different software tools or require
extensive derivation. It is inconvenient to vary the system configuration regardless
of manufacturing design or behavior analysis perspectives. Co-simulation as an
emerging technology enables the reusing and sharing of models so that different
sub-systems can be modeled independently but simulated together. In this study,
a system based on a co-simulation platform - Vico is proposed, which enables
the digitalization of marine operations from modeling, configuration to simula-
tion. The system consists of multiple sub-models of the ship, the marine crane
and their coupling component, which are all converted and exported as functional
mock-up units (FMUs). Various scenario settings such as environmental effect,
ship maneuver and crane payload can be configured for the simulation of spe-
cific marine operations. Taking the research vessel Gunnerus as the testbed, two
case studies about the impacts from the environment and a shipboard crane on
marine operations are conducted. The simulation results verify the effectiveness
of the marine operation system. The system could also be a foundation for further
research on onboard support of marine operations.
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1 Introduction

Marine cranes are indispensable for the modern maritime industry. They are config-
ured on a wide range of vessels and platforms, which conduct a variety of operational
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tasks such as lifting, towing, and transferring loads between shores and decks. Generally,
marine crane systems are large andwork in amore unstable environment than land-based
cranes. In spite of the positive effect from the dynamic positioning system (DP) on the
ship’s behaviors, the marine crane operation is still a challenging task involving load
sway, positioning accuracy, suppression, collision avoidance, maneuvering safety and
many other issues due to the tight coupling between the vessel and the crane on board,
with the non-negligible impact of waves, currents and wind as external disturbances.
These complex operating conditions make it harder to guarantee safety and achieve effi-
ciency at the same time which is a core demand for maximizing the benefits. Therefore,
it is becoming increasingly important and necessary for the maritime industry to work
on how to increase the safety of marine crane operations.

Over recent years, there has been a growing interest in developing and employing
digital twins, big data and cloud computing for maritime industry systems design, ship
intelligence and operational services. Digitization has stepped up as a critical aspect
into enabling the maritime industry to be more innovative, efficient and future-proof
in operating [1]. Growing access to advanced technologies for designing and evaluat-
ing system performance, safety, and structural integrity is generating a range of digital
models of both vessels and their sub-systems. NTNU Aalesund has been conducting
digital twins of maritime systems and operations research for years [2]. For example,
digital twins for vessel life cycle service were developed as an open virtual simulator of
next-generationmarine industrial infrastructure for overall systemdesign, systemconfig-
uration and operational performance verification, while enabling full life-cycle service
support and system behavior prediction [3]. Such digitalized and intelligent systems
are now also being increasingly focused on and realized by many maritime equipment
suppliers, companies as well as research institutes such as Palfinger and SINTEF.

The digitalization for marine cranes has also largely advanced the support of its
offshore operations, whether it involves stages of design, testing and analysis for opti-
mization, as well as control-related areas [4]. The last few decades have seen more and
moremodeling and simulation approaches being studied.However, themarine crane sys-
tem is an interdisciplinary integral involving such as mechanical, hydraulic and dynamic
fields. It is challenging to develop models of complex multi-domain systems and to han-
dle the simulations of dynamic models. Generally speaking, it is difficult to describe a
complex systemmodel with a single tool or in an individual environment. Co-simulation
enables us to assemble and integrate different components by defining their interfaces
and communication ways. As a result, different sub-systems can bemodeled by different
tools, especially for those that require specialized tools provided by the manufacturer to
achieve. In this manner, a large complex system can be disassembled.

The development of model exchange and co-simulation provides the feasibility of
developing tool-independent interface standards for complex information-physical sys-
tems. In such a co-simulation environment, the digital crane can be built as virtual
prototyping by different units such as the dynamics unit and the kinematics unit, which
can provide a platform for system analysis, crane operation evaluation and some other
related research or testing [5].

In this paper, a co-simulation-based system is presented for simulation, testing, analy-
sis of ship-crane operations and other advanced support. The vessel and crane Functional
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Mock-up Units (FMU) are exported using the standard Functional Mock-up Interface
(FMI) and constructed under the co-simulation platform VICO. Some system structure
and parameterization details towards realizing the construction of the vessel and the
crane are implemented. The ship R/V Gunnerus is employed as the testbed to verify the
effectiveness of the presented system, based on which case studies are given discussion
with result analysis.

The contributions of the present study are summarized as follows:

• The components of the crane are developed and the communications among the sub-
models are built.

• The marine operation system is constructed by integrating the ship and the crane
components as well as the motion and force transfer.

• Two case studies are implemented based on the marine operation system to sim-
ulate the environmental configuration and crane operations. The results verify the
effectiveness of the marine operation system.

The rest of the paper is organized as follows. Section 2 introduces some related work
from the viewpoint ofmodeling and co-simulation.An implementation description of the
co-simulation-based system is given in Sect. 3. In Sect. 4, case studies are implemented
with results discussed using the testbed Gunnerus which is operated by the Norwegian
University of Science and Technology (NTNU) and serves as the test ship. Finally,
conclusions and some future works are drawn in Sect. 5.

2 Related Work

2.1 Modeling

Themodeling of cranes is challenging due to the excessive number of degrees of freedom
in the system and the underactuated characteristic of the crane control [6]. Establishing
an accurate dynamics model is the basis for studying system characteristics, designing
control strategies, new components testing and even operator training purposes. There
aremanymethods used to derive dynamic equations formechanical systems, all of which
result in equivalent sets of equations. As one of the more classic methods, Newton-Euler
method is based on the interpretation of Newton’s Second Law of Motion describing
dynamic systems in terms of force and momentum. But the recursion of Newton-Euler
method requires much formula derivation and calculation [7]. Different from Newton-
Euler method, Lagrange method computes the motion equations from the viewpoint of
energy, which can avoid derivative causality problems. In recent years, many researchers
have employed Lagrange equations to implement dynamics modeling of cranes [8, 9],
since it can provide an elegant clean form that supports better for the following system
control.

The modeling of offshore operating systems is not limited to the mechanical dynam-
ics of the crane, but also includes many other fields, such as the hydraulic system of the
crane [10], the hydraulic system of the winch [11] and the hydrodynamics between the
vessel and the waves [12], etc. There are alsomany different software tools to support the
modeling of different systems. Software such as MATLAB/Simulink, SimulationX and
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20-sim enable modeling and simulation to be carried out in a homogeneous environment
[4, 13], which encourages the development of the toolboxes and packages. However, for
modeling and simulation of complex multi-disciplinary systems like marine cranes, a
homogeneous environment is no longer sufficient in some cases. At this level, one other
trend comes up, that is, to distribute the modeling of subsystems after decomposing a
complex system into several subsystems, which enables different systems modeling to
be implemented in their corresponding specialized software tools or provided by the
manufacturers. Nonetheless, there are still challenges regarding the interaction between
different sub-models and the communication between different simulation tools.

2.2 Co-simulation

The development of modern engineering has led to the emergence of numerous complex
systems, which are composed of physical, electronic, mechanical, software, network
and other multi-disciplinary construction, which is why currently many systems must be
built and optimized to bemulti-threaded. In most cases, participants or suppliers develop
the tools in their fields, which is a partial solution, not a holistic one, from which the
idea of the co-simulation technology comes. There used to be no single simulation tool
that is applicable for all purposes, and complex heterogeneous models with components
from a couple of diverse fields may need to be developed in separate, domain-specific
tools. A co-simulation enables model reusing, sharing and also the fusion of simulation
domains compared to traditional monolithic simulations.

There are two standards for co-simulation, referred to as the High Level Architecture
(HLA) [14] and the Functional Mock-up Interface (FMI) [15]. They are separately used
for discrete event co-simulation and continuous time co-simulation. According to the
survey fromSchweiger [16], the FMI standard is considered themost promising standard
for continuous time, discrete event and hybrid co-simulation. Based on the FMI standard,
some open-source co-simulation frameworks have been developed with supporting the
System Structure and Parameterization (SSP) [17] standard which is a tool-independent
standard describing a complete system consisting of one or more components (e.g.
FMUs), including their parameterization. For example, Libcosim is a cross-platform
C/C++ library that supports co-simulation design and execution. It is developed based
on the Open Simulation Platform (OSP) [18], which builds an ecosystem that enables the
maritime industry can perform co-simulations and share simulation models with high
efficiency and safety.

In recent years, FMI-based co-simulation has been applied to various research in
the maritime domain. Hassani et al. [19] present four relevant cases of applications to
demonstrate the use of co-simulation technology in the maritime industry in their paper.
All the case studies are simulated using the FunctionalMock-up Interface (FMI) standard
based on the framework of Coral which is an open-source co-simulation software devel-
oped in the project. Chu et al. [20] present an object-oriented modeling (OOM) approach
to model marine operation systems. A virtual prototyping (VP) framework is developed
with the functional mock-up interface (FMI) standard. Based on the VP framework,
an active heave compensated winch with a hybrid drive system and secondary control
strategy are proposed where the simulation configuration and the customer interface are
achieved by web technology through the WebSocket protocol.
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The application of co-simulation makes it innovative progress in many research
fields. The development makes it possible to carry out the study of coupling issues
by disassembling complex systems into subsystems avoiding numerous calculations.
However, almost all of the co-simulations are being carried out at the cost of losingmuch
accuracy, especially in the cases where algorithms need to be incorporated to optimize
the simulation efficiency. This is one of the currently foreseeable challenges in co-
simulation. It is also important that benchmarks for model simplification and simulation
performance should be established according to different simulation objectives since the
simulation accuracy and stability are critical for FMI-based co-simulation.

3 Marine Operation System

3.1 System Structure

Fig. 1. The co-simulation-based system developed for marine operations

The present system in Fig. 1 is based on the co-simulation platform Vico. Vico is an
advanced co-simulation framework that is developed based on the Entity-Component-
System software architecture [3]. As one of the co-simulation platforms, Vico not only
supports the FMI standard but also supports the SSP standard, which makes it possible
that any type of vessel and crane even other onboardmachinery can be simulated based on
the system as long as the components can be modeled with defining the communication
interfaces.

The most notable advantage of the present system is that in such a way all the FMUs
exported by the FMI standard can be configured as desired using the SSP standard.
For example, in the thruster model, the type, material and size of the thrusters can be
modified; similarly, in the cranemodel, the position of the crane on the deck, the postures
of the crane arms, the parameters of the cable and the payload can also be modified. This
will be particularly beneficial for manufacturers to perform crane design, as well as test
the performance of the system with various configurations. Since the system model is
modularized by means of the co-simulation standard, the integrated model is more like
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a black box for the co-simulation platform and its inside construction or programming
will not be exposed, which can protect the intellectual property of its owner.

One of the important factors affecting the safety of marine cranes is the sea state
conditions during offshore operations. Regarding this issue, the system is also able to
configure the environment setting where wind, waves, and currents can be manipulated
to simulate the real sea state according to the offshore conditions, such as the velocity
and the direction of the wind, the spectrum and the time of the wave, etc. What is more,
it even provides the possibility, that is, to use the collected real sea state data as one
of the inputs to the system, which makes the simulation with more fidelity different
from the modeling of waves. In addition, diverse virtual scenarios can be generated to
simulate the onboard operation of the crane, which makes it possible to analyze the
behavior and interaction between the crane and the vessel. With further support, the
system can contribute to advanced applications in various aspects like risk modeling,
system automation and control.

3.2 Key Components

The present system in this research is conducted for performing the co-simulation of
the marine crane offshore operations. Therefore, the following part introduces the key
components including ship maneuvering, crane operation as well as motion and force
transfer.

Ship Maneuvering. The engaged ship components for the maneuvering simulation are
several detailed sub-models, such as the dynamic positioning controller, the thrusters,
etc. As shown in Fig. 2, each block represents a single independent FMU, and the
connections for the ship maneuvering are presented. There are too many interfaces
inside the components, the details are not presented here.

In particular, the vessel is modeled in six degrees of freedom (6-DoF) with waves,
implemented according to the unified non-linear model subjected to waves, wind and
currents from Fossen [21]. The VesselModel was developed by SINTEF Ocean in the
SimVal project [22]. It is mainly to solve the equations of motion containing the ves-
sel’s restoring force, mass, resistance and some other hydrodynamics information. The
Observer is to compute the movement direction and the speed to get the position dif-
ference with time, and also it can filter short frequency waves for the DP system. The
DPController can make sure the ship can stop at a relatively ideal fixed location in
the world frame. The Allocator will get the direction and speed information from the
Observer, and then allocate the forces to the thrusters. There are three thrusters with
their own actuators, separately a port-side azimuth thruster, a starboard-side azimuth
thruster, and a tunnel thruster, where a 3DOF force can be produced in heave, surge and
sway directions. In the PowerPlant, a marine power plant system is provided with two
equally large gensets.

Crane Operation. There are two strategies for crane operation: the active manipulation
of the crane to control the tip and the feedback control with the compensation controller.
Inside the model of the crane, there are defined input interfaces of all the joints for all
kinds of operations depending on the type of the crane. For example, the users can set
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DPController
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Fig. 2. Relationship of sub-model components for ship maneuvering

three interfaces for the mechanism with 3 DOF like RRP or RPR serial chain, or more
interfaces for structures with more DOFs. The other strategy is to operate the crane
with the controller with algorithms as the users desired. Normally heave compensation
controllers and tip compensation controllers are applied in most of the research.

Figure 3 presents the components connection of a specific example for crane opera-
tions. In theCrane, the defined input interface contains four typical degrees of freedomof
a Palfinger crane, where craneSetPoint1 [1] is the interface for slewing reference speed of
the crane base, and craneSetPoint1 [2]- craneSetPoint1 [4] separately are the interfaces
for the hydraulic actuator reference speed. In this way, by inputting the desired value of
the above parameters, the crane can perform lifting, lowering and transferring operations
in a certain operating space. The other four FMUs around the crane model are to perform
control strategies. The VesselModel here provides information about the ship’s motion,
i.e., the speed in DOF of heave and rolling. TipSetPoint provides the desired velocity of
the tip for the crane as a reference value for its control. There are two modes of com-
pensation control. TipController is the developed controller under crane compensation
mode, and AHCController is the developed controller under winch compensation mode.
These two different strategies enable data analysis of the system response by compar-
ing the cases with and without controllers; moreover, it is an indispensable basis for
advanced controller development and onboard support.

Motion and Force Transfer. During crane operations, there is a coupling relationship
between the ship and the crane that interacts. The center of gravity of the crane system
will change due to the change in the posture of the crane joints and cylinders as well
as the different positions of the payload at different times, which results in a change
in the inertia matrix of the vessel. Therefore, we consider the conservative forces such
as gravity generated by the crane and payload as external forces and apply them to
different points of the vessel hull. The transfer relations of force and motion containing
interfaces are shown in Fig. 4. In detail, the diagram specifics the relative position of the
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Fig. 3. Interfaces connections among sub-model components of a Palfinger crane

ship’s center of gravity and the crane’s center of gravity. The displacements and angular
displacements of the ship in three different directions caused by the waves are also the
movements of the crane base. The forces generated by the crane and the payload as
well as their points of attack are reflected in the forces applied to the hull in different
directions.
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cg_y_rel_cl 
cg_z_rel_bl 

cgShipMotion.nedDisplacement.north 
cgShipMotion.nedDisplacement.east 

cgShipMotion.nedDisplacement.down
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cgShipMotion.angularDisplacement.pitch
cgShipMotion.angularDisplacement.yaw

input_cg_x_rel_ap
input_cg_y_rel_cl
input_cg_z_rel_bl
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shipMotionYaw
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cranePosition[2] 
cranePosition[3] 
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tipPositionShipFrame[1] 
tipPositionShipFrame[2] 
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additionalNedForce[1].pointOfAttackRel2APAndBL.xpos
additionalNedForce[1].pointOfAttackRel2APAndBL.ypos
additionalNedForce[1].pointOfAttackRel2APAndBL.zpos

Vessel Interface Crane Interface

Vessel InterfaceCrane Interface

Motion Transfer

Force Transfer

Fig. 4. Relationship of motion and force transfer between the vessel and the crane

4 Case Study

In this section, we introduce the configuration of R/V Gunnerus where the purpose is
to employ the vessel as the testbed to test the present system with two cases. As shown
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in Fig. 5, the Gunnerus is equipped with the latest technology supporting all kinds of
research,which is also one of themost important educational platforms. Figure 6 presents
the Palfinger crane mounted on NTNU R/V Gunnerus. Some main parameters are given
in Table 1.

Fig. 5. NTNU research vessel R/V Gunnerus [23]

Fig. 6. Palfinger crane onboard R/V Gunnerus

Table 1. Main parameters of Palfinger crane PK65002M

Parameter Value

Max. lifting moment 62.0 mt

Max. lifting capacity 22000 kg

Max. hydraulic outreach 20.4 m

Slewing torque with 1 gear 4.5 mt

Stabilizer spread (std) 8.6 m

(continued)
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Table 1. (continued)

Parameter Value

Max. operating pressure 365 bar

Dead weight (std) 5040 kg

4.1 Case 1: Crane with Payload in Different Environment Conditions

In the first case, different environmental conditions are set as input to analyze the rolling
motion of the ship, where we consider the direction of the environmental loads including
wave, current and wind are varied from six different angles of three different sea state
levels. The crane keeps in a fixed posture without any operation but with a 700 kg
payload. The DP controller is activated at the 50s from the start of the simulation.

Table 2. Parameters of three sea states in co-simulation environment setting

Sea state Wave Current Wind

Height Peak period Spectrum Velocity Velocity

Slight 0.5 m 10 s 2 m2/Hz 0.1 m/s 1 m/s

Moderate 1.25 m 10 s 2 m2/Hz 0.2 m/s 3 m/s

Tough 2.5 m 10 s 2 m2/Hz 0.3 m/s 5 m/s

Figure 7 shows the eight different cases of environmental loads direction angles.
Table 2 shows the parameters of three sea states in the co-simulation environment setting.
The ship roll angle responses of the ship are processed to box-plot in Fig. 8, where it can
be seen that the roll angle domains vary from the different directions of environmental
loads. The balanced roll angle is not 0 but a positive angle, which indicates the center

Fig. 7. Eight different environmental conditions of wave and current direction
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of gravity changes due to the installation of the crane. However, the amplitudes of the
roll angles increase apparently with the increase of the sea state. The ship gets the most
violent roll motion when the direction of environmental loads is 45º or 315º, while the
mildest roll motion appears at the time the foreside of the ship has the same or opposite
direction as the environmental loads.

Fig. 8. Roll angles of the ship motion in different environmental conditions

4.2 Case 2: Crane Operations in Waves

In Case 2, we aim to simulate the crane operations in waves. Two Palfinger crane oper-
ations are defined in the scenario. The first operation is the slewing action of the crane
base, and the second operation is the extension of the telescope cylinder. The animations
of the operations are shown in Fig. 9. The environment parameters are set as the values
of the slight state in Table 2. The direction of the environmental loads is 45º. The DP
controller is also activated at the 50 s from the start of the simulation.

Fig. 9. Animations of the crane operation

As shown in Fig. 10., there are two operation commands for the crane actuators.
At the 220 s from the start of the simulation, the slewing joint is given an operating
signal to the positive direction lasting 60 s to the 280 s, with the result of the crane base
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slewing around 30º. The displacement of the crane tip relative to the hull coordinate
frame in the north and east changes. Instead of remaining relatively stationary with the
ship body, it is subjected to the environmental loads at sea and shows a simple harmonic
motion. During this operation, the angle response of the ship roll motion decreases. After
40 s, the telescope cylinder starts to extend from its initial length of 1.2 m to around
5.5 m. The displacement of the crane tip in the north and east directions changes again.
Instead of simple harmonic motion, it shows a linear change and finally stabilizes at
the desired position. During the two operations, the displacement of the crane tip in the
down direction keeps stable because it has the same motion frequency as the ship hull.
In overall, the ship roll motion is subjected to the operations to some degree, which
can be seen in the frequency of the roll angle response. The crane tip position response
reflects the actions of the crane actuators from another perspective. The crane operation
without controllers in waves is affected by the ship roll motion subjected to the sea

Fig. 10. Operation commands and system response of the ship and crane
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state; meanwhile, it also has an impact on the ship motion in waves, which is a coupling
interaction between each other.

5 Conclusion

In this paper,we presented a systembased on the platformVico,which is developed based
on co-simulation technology. A marine operation system is constructed by functional
mock-up units (FMUs) exported from sub-models. Two case studies are conducted from
the perspective of testing the co-simulation system regarding the configuration of the
components and scenarios. The results of the case studies show that the system can
perform the simulation of marine operations including the environment configuration
and marine crane operations, which verify the effectiveness of the system. The ship
motion roll is subjected to the direction of the environmental loads with the 45º/135º as
the most violent angle and the 0º/180º as the mildest angle. The system responses of the
crane operations in waves indicate that the ship motion and the crane operations affect
each other in some way due to the change of the center of gravity, which also supports
that there are coupling interactions between the ship and the crane. This can also give a
reference for the dynamic positioning system to position the ship in a certain orientation
duringmarine operations. In future work, the system can provide a foundation for further
research on advanced onboard support such as system decision and control by sensitive
analysis under different offshore conditions with complex marine operations.
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