
 
1. INTRODUCTION 

The problem of ship manoeuvrability has increasingly 
grown in consideration during the last decades, both for 
merchant and naval ships; this resulted for merchant ships 
in the adoption by IMO of the RESOLUTION 
MSC137(76) [1], which established minimum 
manoeuvrability standards to grant safety for all seagoing 
ships, and for naval ships in the work of NATO NG6 
Specialist Team in Naval Ship Manoeuvrability (ST-
NSM), which led to ANEP 70 [2] with a set of 
preliminary criteria for NATO warships in order to grant 
a common manoeuvring capability to cope with specific 
mission requirements. A brief review of existing rules is 
reported in paragraph 2. 
As it is well-known, an estimation of ship 
manoeuvrability is strongly related to the accuracy in the 
determination of the hydrodynamic coefficients which 
specify the mathematical model of ship manoeuvrability 
used in the existing simulation tools. These coefficients 
are usually estimated, in a preliminary stage of design (in 
which it is not feasible to perform extensive experimental 
campaigns), from regression formulas based on existing 
model-test data [3] [4]. These regressions unfortunately 
may lead to inaccurate predictions for non-conventional 
vessels or ships exceeding the parametric range of the 
experimental data base, with possible problems and 
unexpected additional costs in the later design and 
construction stages.  
In this work, partly developed in the framework of SEA-
AHED Research Project funded by EU, a previously 
developed method for the identification of the 
hydrodynamic coefficients starting from standard 
experimental manoeuvres is systematically applied to a 

series of twin-screw ships, with the primary aim of 
investigating the possibility of improving the prediction 
capability of existing manoeuvring simulators for this 
specific ship type, and the general aim of establishing a 
low-risk procedure for ship manoeuvrability prediction in 
the preliminary design stages 

2. MANOEUVRABILITY RULES AND THEIR 
BACKGROUND 

In following paragraphs 2.1 and 2.2, a brief review of ex-
isting rules and requirements for merchant and naval 
ships respectively is reported, considering also back-
ground which led to their development. 

2.1. MERCHANT SHIPS 

The first important step regarding manoeuvrability rules 
for merchant ship was made with the establishment of a 
first set of interim standards [5], successively adopted 
definitively in IMO RESOLUTION MSC137(76) [1].  
It was noticed, in fact, as a result of a comprehensive 
survey of marine accidents, that many marine accidents 
were related to poor manoeuvring qualities of ships. This 
was the result of the general trend in ship construction 
practice to consider manoeuvrability as a secondary 
problem, and consequently in a lack of specified 
requirements, which resulted in some ships built with 
very poor manoeuvring qualities. In many cases, only 
general references to “good manoeuvring characteristics” 
or “manoeuvrability capabilities as previous ships” were 
made, and in some cases designers relied on the 
shiphandling abilities of human operators to compensate 
for deficiencies in the hull qualities. 
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In order to avoid these problems, interim standards were 
established, specifying minimum manoeuvrability 
requirements for all seagoing ships with the aim of 
granting a minimum safety level. The standards were 
selected in order to avoid a significant increase in sea 
trials time and complexity, requiring a small number of 
dedicated trials from which ship manoeuvring 
characteristics can be assessed. In particular turning 
circle, zigzag and stopping manoeuvre were selected as 
the most significant tests, with possible requirement of 
additional spiral/pull-out manoeuvre in case of 
considerable ship directional instability. 
Compliance with the standards, according to IMO, can be 
demonstrated in two different ways: 
 

• Model tests and/or computer predictions at the design 
stage, with full scale trials used for result validation; 
the ship is considered to meet standards regardless of 
performances obtained in full scale tests providing the 
prediction efforts are not substandard and there is not 
substantial disagreement between predictions and full 
scale results. 

• Full scale trials 
 
It is obvious, therefore, that the development of reliable 
prediction tools and methodologies, accepted by the 
Administrations, is of great importance for the designer 
in order to reduce costs and times related to extensive 
and expensive campaign of model tests or, in the worst 
case, to substantial modifications to the ship after launch 
and sea trials. 
In the last years, international seatrade has strongly 
increased, and consequently traffic, especially in limited 
waters, has grown; contemporarily, attention on pollution 
problems has also grown, leading to the necessity of 
much higher efforts to prevent possible accidents whose 
effects could be disastrous. From another point of view, 
rapid increase of passenger ship number and size further 
stresses attention on safety issues. Development of 
methodologies suitable to improve available 
manoeuvrability prediction tools, in view of possible 
modifications and/or restrictions in the international 
regulations, especially for ships carrying dangerous loads 
and passengers. 

2.2. NAVAL SHIPS 

NATO NG/6 recognised in the last decade of 1900s the 
need of work in the field of naval ship manoeuvrability, 
establishing in 1999 a dedicated NG/6 Specialist Team, 
with the primary objective of creating a common 
understanding of this matter and the final aim of 
developing standardised bounding values, which could be 
used as criteria and requirements for naval mission needs. 
In this case great importance was given to the increasing 
need of interoperability and mutual confidence between 
naval commands and ships, in view of the growing 
number of multinational operations. In principle, one of 

the aims was to allow crew interchanges between allied 
nations ships without possible operating problems arising 
from significant manoeuvring performances. It is clear 
that NATO approach is different from IMO, since in this 
case ship operational capabilities are considered, thus not 
limiting to minimum safety requirements as for merchant 
ships. 
The work of this ST resulted in a first working paper [6], 
covering the manoeuvrability problem in general and 
including an interesting survey among operators from 
different participating nations which led to a first set of 
manoeuvrability requirements for different missions. 
After some further years of work, ST finally produced an 
ANEP [2] with a set of mission related criteria to be 
considered as interim standards. As expected, as a result 
of the study it was found that most of the existing naval 
ships already fulfil the IMO requirements; this is due to 
the higher operational requirement of this type of ships, 
which make their manoeuvrability performances better 
than those of merchant ships. This led to the necessity of 
developing a new series of criteria related to the different 
operational needs of naval ships (namely missions to be 
accomplished), as already performed when seakeeping 
performances were analysed. As a result, an higher 
number of manoeuvrability capabilities were defined 
(such as slow speed manoeuvring, station keeping, etc), 
and values for them in correspondence of different 
missions were established mainly on the basis of the 
previously mentioned survey. 
As a consequence of this mission-centric and operator-
centric approach, criteria obtained are very stringent, and 
in some cases appear to be unfeasible and/or conflicting 
with other ship requirements or safety issues (e.g. 
requirements for very tight turning circle manoeuvres 
which could lead to dangerous heel angles, if not 
properly considered). 
In the meantime, the increasing interest of Classification 
Societies on naval ships, has led to the development of 
new requirements and class notations (for instance RINA 
MAN-MIL); in this specific case, a different approach 
was adopted, resulting in a simple restriction of the IMO 
requirements and not in the introduction of new 
manoeuvrability characteristics. It is possible, however, 
that these criteria will be modified in future as a 
consequence, for example, of the NG/6 work. 
In general, it is worth noting that for naval ships 
compliance with contractual requirements for 
manoeuvrability characteristics has to be demonstrated 
only by means of full scale trials, as already Navies 
requested before the introduction of specific regulations. 
This further stresses the importance of reliable prediction 
tools and methodologies, in order to limit costs in design 
phases and to reduce risks of possible modifications to 
already built ships if problems are encountered only at 
late stages. 
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3. DESIGN TECHNIQUES FOR PREDICTION OF 
MANOEUVRABILITY CHARACTERISTICS 

Existing tools for manoeuvrability performance 
assessment usually allow to perform simulations of the 
ship behaviour under the action of propulsion and 
steering system. The mathematical model used is directly 
derived from the usual motion equations considering 
forces and moments due to the hydrodynamic effect on 
the hull and to the propeller and rudder actions. In 
particular, the forces and moments acting on the hull and 
generated by the rudder are expressed using an expansion 
in Taylor series of different orders [7]. The coefficients 
used in the Taylor series (called hydrodynamic 
coefficients) are therefore of great importance, being 
responsible of the simulations reliability; in the 
following, equations adopted in SIMSUP (simulation 
program developed by CETENA used in present work) 
are reported [8] [9]; in particular, equations 1 are the 
usual rigid body motion equation in three degrees of 
freedom (surge, sway and yaw), while equations 2.1-3 are 
forces and moment equations.  
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where in general, for the hydrodynamic coefficients:  
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r yaw velocity d=δ rudder angle  
n load coefficient nr rudders number 
L ship length R ship resistance  
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CD(x) cross-flow drag coefficient  
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These coefficients are usually estimated, in a preliminary 
stage of design, from regression formulas based on 
existing model-test data, such as [3] [4] (or [10] which is 
partly adopted in SIMSUP), which are based on available 
experimental data; these regressions, unfortunately, may 
lead in some cases to inaccurate predictions due to their 
general nature and lack of specificity, especially in 
correspondence to non-conventional vessels (e.g. high 
speed vessels, multi-hull), new-shape ships or ships with 
alternative steering devices (e.g. podded ships); in 
general, therefore, reliability of existing methods is 
higher for conventional merchant ships, for which a 
considerable number of tests is available, but there can be 
a significant lack of data for less investigated (or less 
published for confidentiality reasons) ships, such as twin 
screw naval and passenger ships.  

Reliability of coefficients estimation can be improved 
significantly by means of dedicated captive model tests 
(planar motion mechanism or rotating arm), which 
however are considerably time-consuming and expensive, 
and usually cannot be performed in preliminary design 
stages.  

Figure 1: Captive model tests (PMM) 

An alternative viable for the designer instead of using 
simulation tools (either with regression based coefficients 
or with coefficients evaluated by means of model tests) is 
to perform free running model tests (which are in general 
cheaper than captive model tests), which however are 

Session A 101



able to provide just general information about 
manoeuvrability performances without offering more 
detailed data on the physical characteristics of the ship 
analysed. This is not a particular problem if required 
performances are fulfilled, but can result in a higher 
difficulty for the designer in case modifications of the 
ship manoeuvring characteristics are required.  

Figure 2: Free running model tests 

In general, anyway, it is to be noted that, despite being 
cheaper than captive model tests, also free running model 
tests are rather expensive and time consuming, and often 
can not be performed at preliminary stages of design; this 
can lead to an high impact of possible late modifications 
on the whole design and construction costs. 

These general considerations, together with the aspects 
related to different rules fulfilment, underline the 
importance of the accuracy in the estimation of the 
hydrodynamic coefficients to reduce costs, times and 
risks connected to the manoeuvrability performances of 
the ship. 

4. HYDRODYNAMIC COEFFICIENTS 
IDENTIFICATION 

As underlined in previous paragraphs 2 and 3, in order to 
improve confidence in manoevrability characteristic 
predictions, methods for a more accurate estimate of 
hydrodynamic coefficients are needed, especially for 
what regards ship types which are not completely covered 
by usual regressions. In this context, the authors 
conducted an analysis [11] [12] [13] of two different 
strategies for the identification of hydrodynamic 
coefficients from existing experimental results.  

Main concept related to interest in hydrodynamic 
coefficient identification is the availability of a 
considerable amount of data from experimental trials (in 
model scale and full scale) which Fincantieri and 
CETENA have gathered during years. Unfortunately 
these data, despite being of great value in general, do not 
provide any information about hydrodynamic 
coefficients, as it happens for free running model tests, as 
already mentioned. By means of hydrodynamic 

coefficients identification, two objectives can be reached, 
i.e. existing experimental database value can be improved 
by means of initially hidden information, and most of all 
data directly centred on specific ship types can be 
obtained. As a result, if these methods result successful, it 
could be possible to obtain more accurate estimations of 
ship manoeuvrability characteristics, with data strongly 
dedicated to specific ship types and configurations, and 
final aim of this procedure, could be the determination of 
new regression series for different ship categories (or at 
least correction of existing ones), deriving from a 
systematic application of this method to a series of trial 
data for the ship type of interest. 

Because of the need of the availability of a great number 
of experimental data, the manoeuvres chosen for this 
study are the standard ones as specified by IMO, for 
which a larger database already exists and for which in 
future new manoeuvres will necessarily be available, 
since they are compulsory; in particular, Turning Circle 
and ZigZag manoeuvres were used in previous and  
present analysis. It has to be noted that, as underlined in 
following paragraphs, this choice could not be the 
optimal one, since other manoeuvres, specifically studied 
for coefficients identification aim, could provide more 
data. 

Two different procedures for the identification of the 
hydrodynamic coefficients were analysed in previous 
studies, namely numerical optimization and filtering 
technique. The first method, developed by CETENA and 
Fincantieri, is the application of the program for 
numerical optimization FRONTIER [14] developed by 
EnginSoft combined with the simulation program for 
surface ships SIMSUP [8] [9] developed by CETENA. 
The second method analysed, developed inside a PhD 
project by the University of Genoa, is the application of 
filtering techniques to manoeuvres time histories, 
similarly to what was done in references [15] and [16]. 

Both methods were applied successfully for coefficients 
identification on a case ship (Naval Ship 1/2 in following 
paragraphs); in particular, in following table 1, 
coefficients identified adopting the two different 
techniques are reported and compared with experimental 
values obtained at PMM (average error resulted in about 
7% for the optimization technique and in about 10% for 
the identification technique). 

As it can be seen, only 5 hydrodynamic coefficients have 
been considered, and namely the 4 linear coefficients of 
lateral force and yaw moment with respect to sway and 
yaw velocities (Yv, Yr, Nv and Nr), plus hydrodynamic 
coefficient for rudder force (Yδ). 
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Table 1: Comparison between identified and experimental values  

 PMM Optim. Filters 

Yv -1.39E-02 -1.43E-02 -1.21E-02 

Yr 4.51E-03 4.04E-03 4.05E-03 

Yδ 2.76E-03 3.17E-03 2.94E-03 

Nv -4.60E-03 -4.89E-03 -4.91E-03 

Nr -2.92E-03 -2.87E-03 -3.36E-03 

 

Choice of these coefficient was made by means of a 
sensitivity analysis, which underlined that their influence 
is much stronger than the one of remaining coefficients. 
In the case of Ship 1, moreover, once values of identified 
coefficients were substituted inside manoeuvring 
equations, resulting simulated manoeuvres provided a 
better correspondence with experimental results. As a 
consequence, it was decided to apply again the same 
strategy in present work, i.e. only most important 
hydrodynamic coefficients were investigated. 

In particular, in present work optimization technique has 
been applied systematically to twin-screw ships of 
different type, namely large passenger ships and naval 
ships. Choice of optimization technique is related to its 
intrinsic straightforwardness, which allows to implement 
it with a reasonable consumption of time; on the contrary, 
at the moment filtering technique, despite seeming 
promising (being able to provide data in real time during 
manoeuvres, for example) is still in a more preliminary 
phase, needing further developments and analysis before 
being applied systematically. 
In following paragraph 5, a brief description of the 
method adopted is reported. 

5. IDENTIFICATION BY MEANS OF 
NUMERICAL OPTIMIZATION TECHIQUES 

The flow diagram reported in figure 3 represents, very 
simply, the scheme used to link the simulation program 
SIMSUP to the optimization tool FRONTIER. 

Figure 3: SIMSUP/FRONTIER interface scheme 

In particular, in the flow-diagram following main blocks 
are represented from left to right:  

• “HydroCoefficients”: hydrodynamic coefficients 
given in input and automatically modified by the op-
timization algorithm;  

• “input_prova.cpm”: file containing hydrodynamic co-
efficients in the format utilized by SIMSUP;  

• “runner”: this command starts the execution of SIM-
SUP in the version linked to FRONTIER; 

• “Turning.out” and “ZigZag.out”: output files of Turn-
ing Circle and ZigZag manoeuvres; 

• “TurningResults” and “ZigZagResults”: output mac-
roscopic parameters typical of Turning Circle and 
ZigZag manoeuvres, obtained from the output files;  

• “ObjectiveT” and “ObjectiveZ”: objective functions 
of Turning Circle and ZigZag manoeuvres. 

In order to identify the coefficients, the following objec-
tive functions have been introduced (equations 3.1 and 
3.2 for turning circle and zigzag manoeuvre respectively), 
which represent discrepancy between simulated and ex-
perimental manoeuvres (values with subscript “S”), 
evaluated as sum of relative errors of a series of macro-
scopic manoeuvring parameters, as reported: 
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where: 
A = Advance T = Transfer  
DT = Tactical Diameter VR = Final Rotative Velocity 
DF = Steady Turning Diameter   
T90 = Time corresponding to 90° heading variation 
T180 = Time corresponding to 180° heading variation 
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where: 

Te = Time of rudder execution (1st, 2nd, 3rd)  
TO = Time required for yaw checking (1st, 2nd, 3rd)  
A = Overshoot yaw angle (1st, 2nd, 3rd) 
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The identification procedure, schematized in figure 4, is 
structured in general as follows: 

• Starting from an initial range of variation for the in-
vestigated coefficients a large number of combina-
tions of hydrodynamic coefficients is generated ran-
domly by the program and corresponding simulations 
are performed; 

• The best 20 (about) solutions of this first calculation 
are assumed as input population for a second optimi-
zation made with a Multi Objective Genetic Algo-
rithm (MOGA); the range of variation of the coeffi-
cients given in input is limited to the values 
corresponding to the best solutions identified by the 
previous step of calculation;  

• The procedure is repeated iteratively with a sequence 
of MOGA reducing the range of investigation step by 
step until convergence is reached. 

 

 

Fig. 4: Scheme of identification procedure with optimization 

6. SHIPS ANALYSED  

As already mentioned, identification technique have been 
applied to two considerably different types of twin-screw 
ships, i.e. very large cruise ships and naval ships. 
In following table 2, main characteristics of cruise ships 
analysed are reported in order to provide an idea of the 
range of hull dimensions and steering-propulsion systems 
considered in this analysis: 

Table 2: Main characteristics of ships analysed – Cruise ships  

Ship L/B CB L/T
Prop. 
type

Rudder 
n°

Ship 1 6.48 0.734 28.05 C.P.P. 2
Ship 2 6.34 0.662 26.1 F.P.P. 1
Ship 3 5.91 0.674 24.93 C.P.P. 2
Ship 4 6.01 0.692 24.67 C.P.P. 2
Ship 5 6.87 0.665 28.29 F.P.P. 2
Ship 6 6.72 0.698 30.25 F.P.P. 2
Ship 7 7.94 0.664 33.45 F.P.P. 2
Ship 8 6.97 0.754 30.17 C.P.P. 2  

 

As it can be seen, despite being of the same type, ship 
dimensions can differ considerably; propeller type is both 
FPP and CPP, the engine systems considered are both 
conventional diesel and diesel-electric systems; finally, 
all ships except one present a twin-rudder configuration. 
For what regards naval ships, at the moment a more lim-
ited analysis has been performed, as reported in following 
table 3 where main ship characteristics are indicated. In 
this case only one ship is considered (which is the one 
analysed in previous studies), with two different stern 
configurations on the same hull, and namely Ship 1/1 
with a single rudder configuration and Ship 1/2 with a 
twin rudder configuration plus a central skeg. In this case 
prime movers are Diesel Engines. 
 

Table 3: Main characteristics of ships analysed – Naval ships  

Ship L/B CB L/T Prop. Rudder 
Ship 1/1 6.61 0.64 19.28 C.P.P. 1
Ship 1/2 6.61 0.64 19.28 C.P.P. 2  

 
Despite the limited amount of ships currently analysed, it 
is believed that it is worth including also their results, 
since a different strategy for coefficients identification 
has been adopted, with promising results.  
 
It has to be noticed that dimensional data of ships ana-
lysed in both cases cannot be reproduced here for indus-
trial confidentiality reasons. 

7. IDENTIFICATION RESULTS 

In order to analyse results obtained from identification of 
hydrodynamic coefficients, in the following paragraphs 
7.1 and 7.2 simulation results obtainable adopting 
directly SIMSUP regressions and adopting identified 
coefficients are reported and compared; moreover, in 
case variations to general identification procedure 
reported before have been adopted, they are briefly 
summarized. 

7.1. PASSENGER SHIPS 

In the analysis of passenger ships, it was decided, on the 
basis of results from previous works [11] [12] [13], to 
utilize only one objective function, which includes both 
turning circle and zigzag manoeuvre, being simply the 
sum of two previous functions; moreover, since previous 
results seemed to improve correspondence between 
simulations and experimental data for turning circle 
mainly in the first part of manoeuvre (0° to 180° heading 
variation), it was decided to include in the analysis also 
two additional parameters, which are longitudinal and 
lateral deviation from original trajectory in 
correspondence to 270° heading variation (correspondent 
to advance and transfer at 270°). The resulting objective 
function is reported in the following equation (4): 
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where A270 and T270 are the additional parameters. 

Coefficients identified are, as mentioned before, Yv, Yr, 
Nv, Nr and Yδ. 

In following tables 4 and 5, results obtained for the 8 
ships adopting directly coefficients provided by SIMSUP 
regressions are represented, while in tables 6 and 7 same 
results obtained after application of the identification 
procedure are reported; in both cases, deviations from 
experimental results are represented; in particular, 
parameters considered are advance, transfer, tactical and 
final diameters for turning circle manoeuvre, overshoot 
angles and period for zigzag manoeuvres.  

Additionally, mean values of errors for each ship are 
reported, and global mean values; finally, mean values 
evaluated only on the basis of parameters considered in 
IMO regulations (advance and tactical diameter for 
turning circle, 1st and 2nd overshoot for zigzag) are also 
reported. It has to be noted that, for what regards zigzag 
manoeuvre, in general 10°/10° zigzag is considered, apart 
for ship 2, 3 and 5 where 20°/20° zigzag was available.  

In general, it can be seen that results obtained adopting 
identified coefficients present a better agreement with 
experimental results, with improvements of about 4 and 
10% respectively for turning circle and zigzag mean 
values respectively, (10% for both manoeuvres if IMO 
parameters only are considered). Regarding turning circle 
manoeuvre, errors are reduced for all ships except Ship 2 
and 7, for which however a significant improvement of 
zigzag manoeuvre is obtained. On the contrary, zigzag 
manoeuvre result is not improved for ship 8, for which a 
significant improvement of turning circle manoeuvre is 
obtained.  

 
As it can be seen, in general only two ships still present 
significant errors after identification, i.e. Ship 2 and 6, 
while for remaining ships results present rather low mean 
deviations. 

 

 

Table 4: Deviations between simulations (SIMSUP regressions) and 
experimental results – turning circle manoeuvre  

 

Table 5: Deviations between simulations (SIMSUP regressions) and 
experimental results – zigzag manoeuvre  

 

Table 6: Deviations between simulations (identified coefficients) and 
experimental results – turning circle manoeuvre  

 

Table 7: Deviations between simulations (identified coefficients) and 
experimental results – zigzag manoeuvre  

 
As an example of improvements in resulting simulations, 
in following figures 5 and 6 results for ship 1 (turning 
circle and zigzag manoeuvre respectively) are reported. 
It has to be noted that turning circle manoeuvre still 
presents in this case significant (despite dramatically 
reduced) discrepancies 
 
  

 

|A/L| |T/L| |TD/L| |FD/L| Mean MEAN IMO
% % % % % %

Ship 1 12 14.7 11.7 17.8 14.1 11.9
Ship 2 14.7 12.2 21.6 10.9 14.9 18.2
Ship 3 19.7 20.9 0.1 22.8 15.9 9.9
Ship 4 10.9 19.6 0.6 40.3 17.9 5.8
Ship 5 9.2 10.3 0.1 20.4 10.0 4.7
Ship 6 29 14.9 9.1 13.9 16.7 19.1
Ship 7 13.7 11.6 2.8 51.5 19.9 8.3
Ship 8 21.9 76.4 2.7 2.8 26.0 12.3
Mean 16.4 22.6 6.1 22.6 16.9 11.2

Ship

|1st ov.| |2nd ov.| |3rd ov.| |T| Mean MEAN IMO
% % % % % %

Ship 1 8.9 23.2 14.6 0.4 11.8 16.1
Ship 2 52.4 21.6 30.3 10.6 28.7 37.0
Ship 3 2.8 0.3 8.5 3.8 3.9 1.6
Ship 4 30.2 14.2 1.1 9.2 13.7 22.2
Ship 5 0.9 20.1 0.4 2.3 5.9 10.5
Ship 6 56.8 25.5 58.9 31.5 43.2 41.2
Ship 7 19.7 9.8 10.5 8.1 12.0 14.8
Ship 8 10.8 0.9 5.9 5.6 5.8 5.9
Mean 22.8 14.5 16.3 8.9 15.6 18.6

Ship

|A/L| |T/L| |TD/L| |FD/L| Mean MEAN IMO
% % % % % %

Ship 1 36.6 47.8 50 31.7 41.5 43.3
Ship 2 5 3.1 11.8 0.7 5.2 8.4
Ship 3 25.9 4.9 16.6 4.7 13.0 21.3
Ship 4 13.9 21.6 3.8 30.2 17.4 8.9
Ship 5 17.8 1.6 9.2 10 9.7 13.5
Ship 6 30.7 24.9 17.4 23.2 24.1 24.1
Ship 7 10.5 8.3 4.8 56.6 20.1 7.7
Ship 8 43.5 13.6 41.8 38.4 34.3 42.7
Mean 23.0 15.7 19.4 24.4 20.6 21.2

Ship

|1st ov.| |2nd ov.| |3rd ov.| |T| Mean MEAN IMO
% % % % % %

Ship 1 12.4 64.5 54.5 21.3 38.2 38.5
Ship 2 74.3 36 46.8 9.6 41.7 55.2
Ship 3 29.6 27.1 13.1 1.6 17.9 28.4
Ship 4 34.5 18.6 2.1 1.8 14.3 26.6
Ship 5 14.8 6.2 21 16.7 14.7 10.5
Ship 6 68.7 20.7 56.6 37.8 46.0 44.7
Ship 7 15.2 32.5 7.7 18.4 18.5 23.9
Ship 8 2.7 5.1 13.1 32.8 13.4 3.9
Mean 31.5 26.3 26.9 17.5 25.6 28.9

Ship
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Fig.5: Turning circle manoeuvre – Ship 1 

Fig. 6: ZigZag manoeuvre – Ship 1 

In order to try to further improve results, a different 
objective function linked to the whole manoeuvre time 
history has been introduced, i.e. the root mean square of 
deviations from trajectory and heading time histories, as 
reported in following equation 5:  

Since however this additional attempt did not provide any 
significant improvement, it was decided not to adopt it, 
since its implementation is rather time-consuming with 
respect to previous procedure. 
From the analysis of results for this first group of ships, 
four main considerations have been derived, as reported 
in the following:  

• Starting regression formulas, by their nature, do not 
consider accurately actual appendages configurations 
of different ships; in particular, most regression 
formulas, in fact, implicitly include only “mean 
appendages” of a set of models whose tests were 
included in the regression itself.  
It is believed that this problem can be particularly 
important for twin-screw ships like those included in 
the present work, since stern appendage 

configuration, despite being similar, can present 
significant differences, which in their turn can 
considerably affect ship manoeuvrability, without 
being captured (or being only partly captured) by 
regression formulas depending on their complexity. 

• From the analysis of hydrodynamic coefficients 
modifications obtained by means of the identification 
procedure, it was noticed that, in some cases, high 
variations are applied to the rudder force coefficient 
Yδ. These modifications are due to the strong 
influence of rudder coefficient on manoeuvres, which 
“implicitly force” the optimizer to modify Yδ to 
correct errors on other coefficients. It is believed, 
however, that these variations are not completely 
justified, since this coefficient is estimated correctly 
by different regression formulas, which are based on a 
comprehensive experimental literature (e.g. 
[17][18][19]).  

• Apart from the considerations on rudder coefficient, it 
is also believed that the contemporary identification 
of many different coefficients can lead to cancellation 
effects (as indicated also in [15][16]), which prevent a 
correct estimation of their values. 

• It is also believed that, when initial errors are 
significant, identification cannot be limited only to 
linear coefficients, but should consider also some 
non-linear coefficient (at least most important ones) 

• From the point of view of the hydrodynamic 
coefficients, unfortunately it was not possible from 
this analysis to obtain a modification of existing 
regressions, because of a certain scatter of data and of 
the limited number of ship analysed; it is believed that 
data scatter is mainly due to problems described 
before related to appendages and non-linear 
coefficients 

Despite the presence of these problems, data gathered by 
means of this analysis still represent a significant increase 
of knowledge about the manoeuvrability of this kind of 
ships. In particular, during design phase data about 
hydrodynamic coefficients corrections for different ships 
analysed can be used to tune regression results; this 
tuning can be simply performed choosing the most 
similar ship (or ships) to the one of interest, in terms of 
both main non-dimensional characteristics and of 
appendages configuration, and applying same corrections 
to hydrodynamic coefficients. This tuning procedure is 
rather straightforward and when applied to different ships 
has provided improvements in simulation correctness 
similar to those reported in previous tables. 
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7.2. NAVAL SHIPS 

As a consequence of considerations reported in the 
previous paragraph, it was believed that in order to 
improve identification technique a different strategy 
could be introduced.  

In particular, main modifications which have been 
applied to naval ships analysis can be summarized as 
follows:  

• It has been decided to model separately and keep 
fixed during identification contribution from all 
appendages (which can be calculated with a 
reasonable accuracy with formulations available in 
literature, as in [7]) and rudder, to evaluate “naked 
hull coefficients” from regression values subtracting 
appendages contributions and identify only these 
ones.  

• Moreover, in order to limit possible cancellation 
effects between different coefficients, a “separation of 
effects” has been searched, i.e. identification 
procedure is divided in different runs, in order to 
identify in each one a lower number of coefficients 
linking them to certain characteristics.  

 
In order to calibrate this modified procedure, a series of 
attempts has been performed on naval ship 1, whose 
configuration 2 was already adopted in previous works, 
since for this ship many experimental data were available 
(PMM and free running model tests and sea trials) for 
two different ship configurations, i.e. single rudder and 
twin rudder configuration. The final procedure identified, 
which is able to provide best results in terms both of 
simulated manoeuvres and of hydrodynamic coefficient 
values, presents the following main differences with 
respect to the original one: 
• As a first step, Nr and Yr coefficients only are 

identified, keeping Yv and Nv constant and utilizing 
an objective function with parameters from first part 
of the turning circle manoeuvre (advance, transfer and 
tactical diameter), as follows: 

 
  (6) 

• Once Nr and Yr are obtained, values for Yv and Nv 
are identified keeping Yr and Nr constant and 
utilizing the complete objective function  with 
parameters from turning circle and zigzag manoeuvre 
as reported in equation 4 

• In order to further refine turning circle manoeuvre 
simulation, a final step is performed keeping constant 
all coefficients except Yv and using turning circle 
objective function only 

In the following tables 8 and 9, simulation results for 
both ship configurations obtained using coefficients from 
SIMSUP initial regressions are represented, while in 
tables 10 and 11 same results obtained with identified 
coefficients are reported.  
 

Table 8: Deviations between simulations (SIMSUP regressions) and 
experimental results – turning circle manoeuvre  

|A/L| |T/L| |TD/L| |FD/L| Mean MEAN IMO

% % % % % %
Ship 1/1 45.0 137.7 123.7 129.8 109.0 84.3
Ship 1/2 7.5 39.9 24.2 39.0 27.7 15.8
Mean % 26.3 88.8 73.9 84.4 68.3 50.1

Ship

 

Table 9: Deviations between simulations (SIMSUP regressions) and 
experimental results – 20°/20° zigzag manoeuvre 

|1st ov.| |2 nd ov.| |T| Mean MEAN IMO

% % % % %
Ship 1/1 77.3 78.2 36.7 64.1 77.7
Ship 1/2 4.4 17.2 12.4 11.3 10.8
Mean % 40.8 47.7 24.6 37.7 44.3

Ship

 

Table 10: Deviations between simulations (identified coefficients) and 
experimental results – turning circle manoeuvre  

|A/L| |T/L| |TD/L| |FD/L| Mean MEAN IMO
% % % % % %

Ship 1/1 2.2 5.4 4.5 10.6 5.7 3.4
Ship 1/2 1.2 15.2 5.2 18.8 10.1 3.2
Mean % 1.7 10.3 4.9 14.7 7.9 3.3

Ship

 

 

Table 11: Deviations between simulations (identified coefficients) and 
experimental results – 20°/20° zigzag manoeuvre  

|1st ov.| |2 nd ov.| |T| Mean MEAN IMO
% % % % %

Ship 1/1 4.1 5.1 7.2 5.5 4.6
Ship 1/2 25.8 1.0 11.0 12.6 13.4
Mean % 15.0 3.1 9.1 9.0 9.0

Ship

 

 
As it can be seen, for both configurations an 
improvement of simulation prediction has been obtained, 
especially for configuration 1/1 which SIMSUP internal 
regressions were not able to predict with a good 
accuracy; in particular, considering mean values, initial 
errors of about 80% and 20% respectively are reduced to 
less than 10% with identified coefficients (only a slight 
increase in error for zigzag manoeuvre is encountered for 
ship 1/2, which is more than compensated by the 
improvement in turning circle manoeuvre).  
For what regards hydrodynamic coefficients, initial error 
with respect to PMM (43% and 16% for configuration 1 
and 2 respectively) has been significantly reduced by 
means of the identification procedure (28% and 7% 
respectively ). It is believed that the rather large 
discrepancy still existing for Ship 1/1 is due to the 
considerable initial error, which presents also differences 
in the non-linear coefficients; as a consequence, 
optimization procedure, in order to provide good 
simulations results, apply a correction of linear 
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coefficients which includes also errors in non-linear ones, 
thus providing worse results.  
A first attempt was therefore performed, repeating the 
same procedure described before and adding non-linear 
coefficients Nr|r| (identified in first step together with Nr 
and Yr) and Yv|v| (identified in second step together with 
Yv and Nv); these coefficients are utilised in order to 
represent all non-linear coefficients, since it is believed 
that identification of a too high number of coefficients 
would present significant problems, as already mentioned 
before. Results from this procedure lead to a further 
reduced mean error (about 22%) for the linear 
coefficients, thus confirming possible influence of non-
linear coefficients; it is believed that further improvement 
can be obtained if a dedicated procedure (eventually with 
different separations of effects) will be developed. It has 
to be noted, anyway, that results in terms of simulated 
manoeuvres do not differ significantly in the two cases 
reported. 

8. CONCLUSIONS AND RECOMMENDATIONS  

In the present work, a previously developed method for 
manoeuvrability hydrodynamic coefficient identification 
from standard experimental manoeuvres has been sys-
tematically applied to a series of twin-screw cruise ships. 

By means of coefficients identified, it has been possible 
to improve correspondence between simulated manoeu-
vres and experimental results from sea trials; unfortu-
nately, it is still not possible to obtain correction to the 
existing regressions adopted by the simulation program 
because of a data scatter, which is probably due to the 
strong influence of stern appendages (not considered in 
present analysis) and (at least in some cases) of non-
linear coefficients; moreover, presence of cancellation ef-
fects among different coefficients may also have influ-
enced this data scatter to some extent. 

Nevertheless, data obtained from this preliminary analy-
sis can be successfully adopted to calibrate coefficients 
values and obtain better results from correspondent simu-
lations. 

In order to further improve identification technique and 
related results, procedure adopted has been modified 
keeping in mind principal problems emerged from cruise 
ships analysis. The new resulting procedure has been 
adopted on a twin screw naval ship for which many ex-
perimental results were available for two stern append-
ages configurations. Results obtained from this analysis 
are promising, being able to improve significantly simu-
lation results in correspondence to a  stern appendages 
configuration for which initial results presented rather 
large errors. 

It is believed that once this procedure will be further 
validated by means of analysis of a higher number of 
ships, considering non-linear coefficients and stern ap-

pendages influence, its systematic application can pro-
vide a further improvement in the understanding of twin-
screw ships manoeuvrability, providing data for future 
corrections of existing regression formulas or at least for 
their appropriate tuning. Considering specifically naval 
ships, moreover, it has to be noted that influence of ship 
speed has to be carefully monitored, since their operating 
profile include considerably different speeds (at least 
maximum and cruise speed) which are associated to dif-
ferent operating requirements. 
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