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INTRODUCTION
Although the main purpose of a tug design is to 
achieve good manoeuvring and pull performances 
when assisting a ship, either in berthing direct 
assistance (low speed) or in escort indirect (high speed) 
mode, the tools available for designers to predict 
these types of performance are normally based on 
personal expertise. Correlations with known results of 
previous similar projects are normally informed by the 
consideration that a tug offering good results in terms 
of stability and bollard pull performance will surely be 
a good platform to achieve adequate manoeuvring/
assistance capabilities. Indeed, good results in terms 
of performance predictions can be achieved through a 
CFD investigation of flow patterns around a tug’s hull 
in assistance mode, but this approach requires great 
expertise in the use of the CFD tools, and an excellent 
knowledge and prediction capability of the transitional 
dynamics of the ship in these conditions.1,2

The Rosetti Marino shipyard and the Naval 
Architecture and Marine Technology research group 
of the Genoa University (DITEN) have therefore 
commenced a research programme devoted to 
developing a computational tool capable of describing 
the dynamics and manoeuvrability of a tug when 
assisting a ship in berthing operations or in escort mode.3

The project is based on simulation code developed 
in the MATLAB/Simulink computational environment. 
It relies on an extensive experimental measurements 
campaign performed both at sea, during sea trials of a 

pair of the shipyard’s tug newbuilds, and in the Force 
Technology towing tank facility, using a model of a new 
tug design named RM2812 purposely developed for 
this project.

The goal of the project is the definition of a parametric 
simulator code for the dynamic manoeuvring behaviour 
of ASD tugs. This code allows, after the introduction of 
a simple set of design parameters (main dimensions, 
choice of main engines, etc), a reasonable prediction 
of the dynamic behaviour of the ASD tug in calm sea. 
The tool aims to offer a design instrument capable of 
predicting the results of technical choices at the initial 
design phase, when the main particulars of a new 
project have yet to be chosen. The instrument will also 
be capable of offering a deeper view of the phenomena 
that occur when manoeuvring a tug for harbour 
assistance or in escort mode.

The simulation code was developed on the basis 
on the performance of the RM2812 measured during 
towing tank tests. With an extended analysis of the 
planar motion mechanism (PMM) towing tank results, the 
hydrodynamic forces acting on this prototype tug have 
been modelled and the applicability extended, to cover 
the degrees of freedom of the tug in the horizontal plane 
and in roll motion. By performing additional investigations 
with CFD tools, these results were also extended to 
dimensional variations with respect to the prototype tug 
used for the experimental set of measurements. CFD 
calculations were also used to detail the influence of 
different skeg sizes on the hull forces.
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For the powering of the tug, different engines have 
been modelled: three medium speed (GE 228 type 
8V, 12V and 16V, all at 1,050 rev/min) and two high 
speed (MTU 4000, 12V and 16V, at 1,800 rev/min). 
The limiting torque and engine dynamics of these 
different types of engines have been duly modelled. 
The simulation code has been validated concerning 
its ability to reproduce measured towing tank tests, 
and of producing manoeuvres that give detailed 
information about the ship behaviour in a transitional 
dynamic equilibrium. 

This paper describes briefly the tug prototype, the 
raw data collection and the development of the code; 
and more extensively the validation of the code, as 
performed to date.

THE RM2812 PROTOTYPE
The new tug design has been developed with the 
purpose of producing the reference set of data for the 
development of the manoeuvring simulator. Although 
the Rosetti Marino shipyard has built dozens of tugs 
over the last two decades, all of those vessels were 
designed partly or totally by tug designers, or had 
the design supplied directly by the owners. To create 
a specific tool to predict the behaviour of ASD tugs, 
it was decided to develop, with the co-operation of 
the University of Genoa, a new tug design with the 
following characteristics:

• a bollard pull of around 65-70 tonnes
• a maximum speed of around 12.5 knots
• fixed pitch propellers
• high stability margins

The hull design was developed using a traditional 
approach (sectional area curves, section drawings, hull 
surface fairing), having in mind a preliminary service draft 
and longitudinal centre of gravity position. The design 
was created with a defined propeller diameter (2,400mm) 
and with a defined choice of engine power (2,000kW/
shaft). The capacity plan used a double hull concept, 
aiming to achieve an unusual (for tugs) degree of safety 
against side damage. The MSC 235(82) damage stability 
criteria for PSVs were positively verified for the project.

After the initial definitions of the capacity plan 
and weight lists/distribution were determined, with 
subsequent adjustments, CFD calculations were used 
to optimise the hull shape. The aim was to reduce 
resistance and bow waves at maximum speed. The 
project was developed on the basis of a specific 
propulsion selection that covered both the main engines 
and main propulsors: an MTU 16V4000 M63 coupled 
to Rolls-Royce US205 P20 FP thrusters of 2,400mm 
diameter. The choice of equipment and corresponding 
weight estimations, loading conditions and stability 
verifications were consequently performed.

With this configuration, the prototype tug complies 
with the margins required by new amendments to the 
2008 Intact Stability Code (Res. MSC.415(97)) entering 
into force on 1 January 2020, both for towing and escort 
operations. As mentioned above, the design, having a 
tank plan with a double hull configuration, is capable 
of withstanding damage in accordance with criteria 
applicable to PSVs. The double bottom arrangement 
also allows greater safety margins against possible 
flooding with respect to grounding.

A summary of main characteristics of the prototype 
tug is described in Table 1. The general arrangement 
of the RM2812 is shown in Figure 1, while the tank 
arrangement is shown in Figure 2.

This hull was used for an extensive model test 
campaign at the Force Technology towing tank. In the 
model basin resistance and self-propulsion tests, PMM 
tests, on the bare hull in propelled mode and in upright 
and heeled conditions, and escort tests (V=9 knots) 
were performed. Data for the identification of forces 
acting on the hull and produced by the propulsors 
during manoeuvring were collected. A comprehensive 
set of measurements from open water tests for 
single and twin propulsors with various rudder angles 
completed the towing tank test campaign.

THE PARAMETRIC SIMULATION 
APPROACH
In recent years, DITEN has deepened its experience 
of developing ship simulator models, and has mainly 
focused on reproducing the manoeuvring and 
propulsion behaviour of newbuilds for the Italian 
Navy4, 5, 6. The experience gained in manoeuvring 
simulations and the positive cross-validations with 
full-scale sea tests has led to the use of consolidated 

Table 1: RM2812 main characteristics

LOA 28.40m
B 12.00m
D 4.90m
Design draft 4.05m
Bollard pull 65 tonnes
Crew 7
Engines 2 x MTU 16V4000M63 (2 x 

2,000kW)
Propeller 2 x Rolls-Royce US 205S P20 FP
Fuel tank 190m3

Freshwater 42m3

Miscellaneous 47m3

Figure 2: RM2812 tanks arrangement
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Figure 1: RM2812 general arrangement
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hydrodynamic and mathematical models as the starting 
point for generating simulator code adequate for coping 
with azimuthal stern driven tugs assisting ships. 

Uncommon hull forms and L/B ratios, extended 
adoption of large skegs and steerable propulsors create 
complex hydrodynamic problems. The low-speed flow 
patterns around the hull of a manoeuvring tug during 
harbour assistance, and the high-speed hydrodynamics 
occurring when operating at transfer speed or in escort 
assistance, require the situation to be described using 
different mathematical formulations. 

In DITEN’s experience, simulator models are usually 
conceived tailored to a specific ship, each having 
specific dimensions, power, engine and propulsive 
characteristics. In this case, the design tool needed to 
be built with parametric models for each component 
of the simulator. Each component had to produce 
coherent and reasonable dynamic responses on the 
basis of the specific value of the parameters chosen for 
each simulation run (eg, the propeller, the engine type/
power, the skeg area, and so on).

MODELLING THE PROPULSION AND 
MANOEUVRABILITY CHARACTERISTICS 
OF AN ASD TUG
The manoeuvrability characteristics of marine vessels 
are traditionally of great interest in the field of naval 
architecture. When dealing with classic merchant 

ship configurations, the literature provides regression 
mathematical models. The literature addressing tug 
manoeuvring is by comparison quite poor, and no 
published pre-exisiting parametric model has been 
found. The authors addressed the topic through three 
complementary approaches: experimental investigation 
with towing tank tests, CFD calculations and full 
scale trials.

Experimental model testing
The RM2812 escort tug prototype was built in 1:11 
model scale (Figure 3). The model was fitted with two 
ducted azimuthal thrusters, a centre skeg, bow fenders, 
deck, bulwarks and a superstructure for escort tests. 

In addition to the standard resistance, propulsion and 
bollard pull tests (ahead and astern), an experimental 
manoeuvrability campaign of tests was performed 
with a three step approach. The first part of the 
tests concerned hull and skeg testing, the second 
investigated the azimuth thrusters only, and the final 
part investigated the reciprocal interactions of the 
combined system: hull, skeg and azimuth propulsors. 
Due to the nature of escort manoeuvring, the 
investigation covered large amplitude drift angles, yaw 
velocities and combined effects, with particular attention 
also paid to the heel effect on planar motions. Pure drift 
tests with working azimuth thrusters were investigated 
in PMM tests to reproduce the hydrodynamics of the 
complex hull, skeg and thruster interactions (Figure 4).

Figure 3: The 
RM2812 model

Figure 4: Captive model testing
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Table 2 shows a summary of the test conditions. 
Escort free sailing tests were performed in order to 
discover the performance and equilibrium conditions. 
The self-propelled model was positioned behind the 
carriage, connected with a towline equipped with an 
X-Y strain gauge, enabling measurement of the braking/
steering force components (Figure 5).

CFD simulations
In parallel to the tank tests, CFD simulations were 
performed in order to test and validate the numerical 
procedures used to evaluate hydrodynamic forces. 
Figure 6 illustrates free-surface CFD tests: on the left-
hand side, pure drift tests are simulated, while on the 
right-hand side, a pure yaw rotating arm test is run.

Within the scope of the CFD analysis, the skeg 
variation effects were one of the main focuses of 
the investigation. Skeg dimensions were varied, 
and different skeg geometries were considered, all 
generated by keeping the skeg leading edge fixed in 
the original position and modifying the length/ 
aspect ratio.

Figure 7, overleaf, shows a representative subset of 
the skeg geometries tested by CFD simulations. The 
lateral force coefficients distribution on to the skeg 
and hull lengths are shown in Figure 8, overleaf, for a 
30-degree pure drift CFD run. The image summarises 
the results of the four different skeg geometries 
presented in Figure 7. The lateral force distribution is 

Figure 5: RM2812 
model escort tests

Table 2: Manoeuvring tests

Set Test Drift Yaw Az.angle Heel
deg - deg deg

Hull + skeg Pure drift 0 ÷ 180 - - -
Pure drift + heel 0 ÷ 180 - - 10
Pure yaw - 0 ÷ 0.85 - -
Drift + yaw 0 ÷ 60 0 ÷ 0.85 - -

Azimuthals Open water - - - -
Oblique flow - - 0 ÷ 360 -

Hull + skeg + azimuthals Behind hull 0 - 0 ÷ 360 -
Pure rudder 0 - 0 ÷ 180 -
Pure drift 0 ÷ 60 - 0 -
Escort mimic 0 ÷ 60 - -30 ÷ 60 -

Figure 6: RANSE simulations: pure drift and pure yaw flow patterns
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affected significantly by the skeg dimensions; the force 
is higher for the higher performing skegs.

Full-scale testing
Specially devised free-sailing manoeuvring sea trials 
were carried out on two sister-ship ASD newbuilds 
built by Rosetti Marino, hulls 118 and 119. The 
characteristics of the newbuilds tested during sea trials 
are listed in Table 3. The trials included progressive 
runs, bollard pull tests, turning circles, zig-zags (see 

Figure 9), free and crash stop, slam start, pure rotation 
on the spot, pure drift/crabbing, Dieudonné spiral ahead 
and astern. The whole set of trials was conceived as a 
future benchmark for the simulation tool. Table 4 shows 
the complete list of measurements recorded during the 
sea trials.

Simulator code
The simulation code is fundamentally composed of 
three main blocks: the tug, the assisted ship and the 
towing cable. A ‘five degrees of freedom’ (5 DOF) time 
domain simulator, including the propulsion dynamics, 
was developed for the tug, while a simpler 3 DOF 
model was used for the simulation of the assisted ship.

System of systems
The developed towing simulator consists of a set 
of differential equations, algebraic equations and 
parametric tables that represent the parts contributing 
to the overall dynamics. The whole model is subdivided 
into three main blocks: a ship block (ie, the assisted 
single-screw merchant ship), the tug block, and the 
towing cable block.

The vessels are considered to be manoeuvring in 
still water, conceived and modelled as an undisturbed, 
homogeneous, isotropic environment, without any 

Figure 8: Non-dimensional lateral force distributions, 30-degree drift run

Figure 7: Skeg 
variations

LOA 32.00m
B 13.20m
D 5.45m
Design draft 4.30m
Bollard pull 94 tonnes
Crew 10
Engines 2x MAN 7L27/38; 2x 2,555kW @800 

rev/min
Propellers 2 x Schottel SRP 4000 CP
Fuel tank 208m3

Freshwater 29m3

Miscellaneous 66m3

Table 3: Yard hulls 118-119 main characteristics
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dependency from position or depth. No environmental 
forces are considered in this preliminary stage. The tug 
is studied in 4+1 degrees of freedom (surge, yaw, drift, 
heel reciprocally coupled and pitch), with an emphasis 
on inclining moments and heel hydrodynamic effects. 
The overall model can be represented by the following 
system of differential equations (Equation 1).

System 1 is expressed in vectorial form, and 
represents the vessel rigid body dynamics. The 
propulsion plant dynamics are described through the 
differential equation of the shaftline, Equation 2. One 
equation for each modelled shaft line is required. The 
propulsion control system is represented by a set of 
equations, whose form is, in many cases, like the one 
presented in Equation 3 that describes a PID controller. 

Table 4: Sea trials

Figure 9: Full-scale 20/20 zig-zag test

Equation 1

Propulsors of different sizes/pitches were derived by 
extending measured propulsor performance on the basis 
of the Wageningen ducted propellers data.7 Engine 
performance was modelled relying on a thermodynamic 
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model of single cylinders,8 tuned to the maker’s available 
data for the two families of considered engines (GE 228 
type 8V, 12V and 16V, 1,050 rev/min, and MTU 4000, 
12V and 16V, 1,800 rev/min).

Figure 10 depicts the MATLAB-Simulink simulation 
environment of the tug and ship convoy. Towline 
modelling is realised through an elastic catenary 
analytical expression. Figure 11 shows the local 
reference systems used to model the ships.

Simulation profiles
The simulation environment enables simulations to be 
run using different preset manoeuvre configurations. 
The main modes can be selected as follows:

• the tug in ‘free running mode’ (ie, without any 
towline connection with a ship)

• the tug towed in ‘towing tank mode’ (ie, with a 
towing wire connected to a point running at a 
constant direction/speed, independently from the 
tug manoeuvres, thus simulating an escort towing 
tank test)

• the tug connected with a towline to the ship, either 
at the stern or bow. The ship is a tanker, and the 
user is free to set its initial speed, propulsor revs/
min and rudder angle. The tanker is in ‘dynamic 
equilibrium’ with the tug, such that it can operate to 
brake/steer its course according to user commands

With respect to the last point, as the simulator 
code is focused on the description of an ASD tug 
for design purposes, the assisted ship is considered 
an ‘accessory’ of the tug, and is conceived as a 
performance benchmark to be used for the proper 
comparison of different tugs to evaluate their assisting 
capabilities. The assisted ship, which in principle could 
also be a parametric set of input data for the simulator 
code, is instead considered at this moment to be a 
constant element of the system. For this reason, the 
HSVA Model 2507 referred to by P Oltmann and S D 
Sharma9 has been modelled as the assisted ship. This 
vessel is a tanker having the characteristics and main 
dimensions described in Table 5.

Figure 11: Simulator local reference systems

Validation
The degree of accuracy and agreement of the code 
with experimental data has been verified through two 
independent comparisons. 

As the code was developed starting from the 
prototype RM2812, whose model was thoroughly tested 
in the towing tank, the natural first validation is to try to 
reproduce the available manoeuvring tests that were 
performed with the tug’s model. As the simulator is 
a tool devoted to reproducing the free motions of the 
tug, the only possible comparisons with the towing 
tank results are the propulsion tests and the escort 
tests. In the following, the results of escort model tests 
reproduction are discussed. 

The set of free-sailing escort runs consisted of tests 
at 9 knots in still water, with two different propeller 
revs/min at thruster headings of 20, 30, 45, 55 and 
140 degrees. Tests were performed for a 3.7m 
draft even keel. Results were processed by Froude 

Table 5: Assisted ship characteristics9
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Figure 10: Simulation 
design tool
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scaling to full-scale, and averaged over the logged 
periods. A low revs/min series of runs was first run 
for familiarisation with the vessel, and then a higher 
revs/min series followed, always keeping as a limiting 
factor the maximum heel angle, in order to avoid the 
deck submerging. 

In Figure 12, steering and braking forces are plotted. 
Figure 13 shows drift and heel angles, and Figure 14 
shows the relative horizontal angle αHS of the cable 
connection with the ship. Dotted lines represent the 
experiments, continuous lines represent simulation 
results. Both the forces and the kinematics tendencies 
and magnitudes are significantly re-traced, showing 
a good match between the simulation results and 
the experiments. 

The second validation test case was the simulation of 
the full scale measurements performed during sea trials 
of yard hulls 118 and 119. This comparison enabled 
checking of the simulator’s capability to describe the 
performance of a different hull, having dimensions, 
propulsion and skeg characteristics significantly different 
with respect to the ‘parent design’ principally used to 
develop the code. In the following, the turning ability 
measured at sea is compared with the simulated figures.

Figure 12: Braking/
steering forces of 
RM 2812, simulated 
vs measured towing 
tank results

Figure 13: Simulated vs measured drift and heel angles 
of RM 2812 in escort mode

Figure 14: Simulated vs measured angle of the cable 
connection αHS of RM 2812 in escort mode

The graphs show the tactical diameters (Figure 15) 
and heeling angles (Figure 16) in function of the 
azimuthal angles tested. Two ships’ tests (hull 118 and 
119) are compared with the simulation results, where the 
approaching speeds to the manoeuvre are 11.5 and 13.5 
knots, respectively. In this case, the simulation results 
seem able to capture the magnitude of the phenomena, 
while the absolute values of the measurements are 
somewhat scattered around the calculated ones.

Figure 15: Simulated vs sea trials measured tactical 
diameters
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Design by simulation 

Design parameters
A set of design parameters of the towing system (see 
Table 6) can be defined and tuned before starting 
the simulation. These parameters aim to describe 
the tug (hull main particulars, skeg size, propulsors 
dimensions/position, engine type), the towline 
mechanical properties (length, weight per unit of length 
and elasticity) and the assisted/towed/escorted ship. 
These choices should enable evaluation of overall tug 
behaviour before the tug design is fully developed. 

Visualisation tools
As the simulator code is devoted to a design purpose, 
the way to use it properly involves the examination of 
the parameters’ time history data, available after each 
run. In addition, a schematic 2D representation of the 
runs in real-time is available (Figure 17, overleaf), 
where evidence is given of the main kinematics (tug/
ship speed components, tug’s roll angle value) and 
dynamics (towline force, engines’ power) of the vessels. 
A real-time scenario in 3D is also produced (Figure 18, 
overleaf), to deliver a more realistic visualisation of the 
simulated operation.

The control parameters for the real-time simulation, 
shown in Table 7, are the propulsors’ speeds (revs/
min) and the azimuthal angles, for the tug, and the 
rudder angle and propeller revolution speed, for the 
assisted ship.

RM2812 simulation results: 
the virtual towing tank
The results of simulations performed to investigate the 
escort capabilities of the RM2812 design are presented 
below. The simulations were aimed to quantify some 
key escort behaviour, such as the tug’s heeling angle 
during escort manoeuvres, the towline position with 
respect to the tug and assisted ship, and corresponding 
steering and braking values.

Figure 19 shows a sample run, in which the tug, 
starting from the standby free sailing equilibrium, 
engages the indirect steering manoeuvre on the portside. 
In this case, the assisted ship is playing the role of the 

Figure 16: Simulated vs sea trials measured heeling 
angles during turning circle

Table 6: 
System design 
parameters

Table 7: 
Simulation control 
parameters
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towing tank carriage, keeping a constant course at fixed 
speed. The tug exerts an increasing steering force by 
assuming increasing cable angles αHS, thus allowing us 
to identify the maximum steering force configuration, as 
is usually done in a towing tank environment.

Figure 20 shows the results of the investigation into 
the escort capability of the RM2812, with four different 
skeg sizes. The plot represents the maximum steering 
ability (x axis) and the maximum braking ability (y axis), 
obtained by iteration over the allowable propulsion 
settings (revs/min and azimuthal angle), limited by 
the chosen maximum heeling angle. The speed is 9 
knots.  Four skeg shapes were considered, two different 

lengths and two different heights in combination. Longer 
skegs provide better steering performances, while 
smaller skegs provide better braking performances. The 
best overall performance seems to be offered by the 
longer-smaller geometry.

RM2812 simulation results: 
real escort scenario 
In the following, simulation results are presented where 
the assisted ship changes course and speed due to the 
action of the escort tug. These results correspond to 
the simulation of a full scale escort scenario, similar to 
that required by classification societies for the Escort 
Tug notation.

Figure 18: A 3D scenario of the simulated environment

Figure 19: Maximum indirect steering configuration – towing tank simulation

Figure 17: 2D technical/vectorial interface with real-time parameters
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Figures 21 and 22 show an assisted turning and 
a mirror escort steering manoeuvre at a speed of 9 
knots. In both cases, the tethered vessel behaves 
as if having a failure affecting the rudder, keeping it 
at centre, while propeller revolutions are maintained 
constant. The different manoeuvres are meant to avoid 
a potential obstacle.

In Figure 21 the tug acts to turn the tanker 90 degrees 
in approximately 11 minutes. In Figure 22, overleaf, the 
tug enforces an emergency manoeuvre that shifts the 
tanker course to the starboard, 1.5 ship lengths lateral 
clearance, in about eight minutes. The tug approaches 
the manoeuvre starting from a standby configuration 
in line with the assisted ship, with slack towline, 
and then engages on the ship’s portside, powering 
engines and moving quickly to an effective indirect 
steering configuration.

CONCLUSION
The research project detailed in this paper has 
produced a parametric simulation tool capable of 
generating manoeuvring predictions compatible with 
the propulsion control system of ASD tugs at an early 
design stage.

The tool has been validated on a limited set of 
reference data to date, with encouraging results. The 
research project is still ongoing, and is expected to be 
completed with further validation exercises within the 
first half of 2019. The validation process will determine 
how far the tool will be capable of being relied upon with 
respect to input parameters that severely differ from 
those of the parent hull RM2812 used to set up the code.

The code is set up for a simulation run by describing 
the tug through a set of global parameters (main 

Figure 20: Escort capability plots with four different skegs

Figure 21: Escort assisted 
turning
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dimensions, propeller diameter, skeg area/aspect ratio, 
etc). There is no possibility of detecting local specific 
shapes/characteristics that, in principle, could have 
some influence on the tug’s behaviour. For example, 
it is not possible to describe features such as a hard 
chine or a round bilge, or the adoption of different skeg 
profiles having the same aspect ratio/area. ‘Family 
style’ behaviour will be assigned to each vessel 
having the same main dimensions and characteristics, 
independently from the true shape of skeg, body hull 
sections and propeller nozzle. We have assumed that 
these limitations, made clear when developing the tool, 
introduce a degree of uncertainty into the simulation 
results that we expect to be acceptable for the purpose 
of the tool.

The tool requires a limited number of input 
parameters for getting simulation results that are 
potentially useful at the design stage, as we have tried 
to show in this paper. Its potential capabilities, after 
completion of the validation process, are extensive: 
analysis of a tug’s emergency manoeuvres in case of 
assisted ship failure, anticipation of the consequences 
of tug failures during assistance, and reasonable 
description of escort performance capabilities. 
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