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“Essentially, all models are wrong, but some are useful.”  

 

George E. P. Box, Norman R. Draper (1987) Empirical Model-Building and Response Surfaces. p. 424. 
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Nomenclature 
 

[ ]M NA ×  Regressor matrix with N observations and M number of model 

parameters 

,
w wF LA A     Vessel’s frontal and lateral projected areas above the water 

AR     Profile area of movable part of mariner rudder 

RAR      Rudder aspect ratio 

Ha     Rudder force increase factor 

B     Ship breadth 

bC     Block coefficient 

TC     Total resistance coefficient 

D     Vessel hull depth 

PD     Propeller diameter 

d     Ship draft 

e     Model – system residuals 

FN     Rudder normal force 

nF     Froude number based on ship length 

g     Gravitational acceleration  

( )g s      Propeller influence on rudder inflow speed 

GM      Vessel metacentric height 

Rh     Rudder span length 

h   Water depth 

,
w wF LH H    Centroid coordinates of vessel’s frontal and lateral projected areas 

above the water 

, ,xx yy zzI I I       Moment of inertia of vessel around center of gravity 

PJ     Propeller advanced ratio 
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, ,xx yy zzj j j      Added moment of inertia 

TK     Propeller thrust open water characteristic 

KG     Vertical center of gravity wrt the vessel keel 

, pK Kϕ     Hull hydrodynamic roll coefficients 

k     Hull effective aspect ratio 

( )2 1 0, ,k k k    Coefficients representing TK on PJ  

L     Ship length between perpendiculars 

( )x ac xl x l=    Distance of hull lateral center of pressure from reference point bO   

M    Pitch moment acting on ship around center of bO  

m     Ship’s mass 

( ),x ym m    Added masses of x axis direction and y axis direction, respectively 

, , , , ,v r vvv rrr vvr vrrN N N N N N  Hull hydrodynamic yaw coefficients 

Pn     Propeller revolution 

( ), ,b b b bO x y z=    Body fixed coordinate system taking the origin at amidships 

( ), ,n n n nO x y z=   Space fixed coordinate system (NED) 

q     Air density 

TR     Vessel towing resistance in straight moving  

r     Yaw rate 

S     Hull wetted area 

T    Propeller thrust 

t     Time 

Pt     Thrust deduction factor 

Rt     Steering resistance deduction factor 

U     Resultant speed ( )2 2u v= +   
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RU     Resultant inflow velocity to rudder 

,u v     Surge velocity, lateral velocity respectively 

RU     Inflow velocity components to rudder 

,W RWV V     Wind speed and wind relative speed with the vessel speed 
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Rw     Wake coefficient at rudder position 

( )0X     Vessel resistance coefficient in straight moving 

vrX     Hull hydrodynamic surge coefficients 

PX     Surge force due to propeller 

[ ], ,G G Gx y z     Coordinate of center of gravity of ship 

Hx  Longitudinal coordinate of acting point of the additional lateral force 

component induced by steering 

Px     Longitudinal coordinate of propeller position 

Rx     Longitudinal coordinate of rudder position  

, , , , ,v r vvv rrr vvr vrrY Y Y Y Y Y   Hull hydrodynamic sway coefficients 

 

Rα     Effective inflow angle to rudder 

β     Hull drift angle at amidships 

Pβ     Geometrical inflow angle to propeller in maneuvering motions 

0Rβ     Geometrical inflow angle to rudder in maneuvering motions 

Rβ     Effective inflow angle to rudder in maneuvering motions 

Rγ     Flow straightening coefficient 

,w rwγ γ  Wind angle of attack and wind relative angle of attack for a moving 

vessel 
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δ      Rudder angle 

η     Ratio of propeller diameter to rudder span ( )P RD h=  

θ     Roll angle 

µ     Density ratio 

∇     Displacement volume of ship 

ϕ     Pitch angle 

ψ     Yaw angle (Heading angle) 

ρ     Water density 

ε  Ratio of wake fraction at propeller and rudder positions 

( ) ( )( )1 1R Pw w= − −   
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Abstract 
 

A vessel operating in the real world has to overcome wind, waves and ocean currents. The result of 
all the above is a motion of 6 degrees of freedom (DOF). Typically, for the maneuvering phase, the 
Newton-Euler equations are used to derive the equation of motion of the rigid body and the 
maneuvering theory to model the external forces and moments acting on a vessel.  

The main topic in this Master Thesis is to assess the maneuvering behavior of a specific container 
vessel through a 4DOF model. The purpose behind this study is to investigate the differences between 
the expected maneuvering behavior of the vessel and the operational one. To accomplish that, raw data 
from the vessel’s sea trials were used and a time domain simulation model created with the sway-roll-
yaw movements coupled and surge decoupled. 

The Son and Nomoto maneuvering model served as the base for the motion equations. The 
maneuvering coefficients (MC) were firstly estimated by semi-empirical formulas using the vessel 
particulars. The model was validated using the Esso Osaka sea trials data. The validation was limited to 
maneuvering parameters such as advance, tactical diameter, yaw overshoot angle etc. The final model 
was used on the sea trials data of the container vessel taking into consideration the wind forces through 
the Blendermann wind model. 

Moreover, correction factors for swallow water effects were used on the MC in order to provide a 
better accuracy and also to allow comparison between the operational data and the simulated ones 
since the sea trials depth could not be considered as deep waters. 

Finally, a system identification procedure was perfomed in order to investigate the possibility of 
identifying the exact MC values of a vessel.  

The results were encouraging. The simulation follows the patterns of the raw data relative 
accurately. In addition, the swallow water corrections provided enough evidence of the different 
behavior of the vessel depending on the depth under keel. From the SI side, a list of issues were 
encountered like parameter drift, multicollinearity and cost function prone to local minimum. A series of 
different procedures and algorithm proposed to overcome those difficulties and the results were 
promising.  

 

 

Key words: maneuvering theory, container 4DOF maneuvering model, Son and Nomoto, shallow water 
effects, system identification, maneuvering coefficients, semi empirical equations for maneuvering  
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1. Introduction 
 

The assessment of the maneuverability of a vessel is inherently complex due to the interface 
between sea and air. Moreover, this assessment becomes difficult because of the lack of rigorous 
analytical methods and universally accepted standards for maneuverability. Whilst reasonable methods 
exist for initial estimates of resistance, powering and motions in a seaway, the situation is less satisfying 
as regards maneuvering. Much reliance is still placed upon model tests and full-scale trials using a 
number of common and standard maneuvers which are well described in the literature. 

On the other hand, prediction of vessel maneuverability at the design stage is an important method 
for evaluating the maneuvering performances of vessels. IMO regulations set minimum standards of 
vessel maneuverability which should be satisfied. The naval architect should be able to predict the 
maneuvering capabilities of the new building even from the design phase.  

From the operational side, moving on water has very different characteristics compared to that of 
the movement on solid ground. The friction between the water and the vessel is much less compared to 
that between the road and the tires of the car. External forces act on the vessel, such as wind against 
the ship’s hull, resulting in considerable “slippage” in directions other than that of the intended course. 
Further, the sheer mass of the vessel combined with the much smaller engine power provides a much 
less power-to-weight ratio, compared to automotive driving, to be used to countermeasure the external 
effects to be able to keep to the intended track (Martin, et al., 1998). To accommodate for this, the ship 
handler needs to constantly think ahead in order to anticipate future actions. This involves 
understanding the environmental conditions, timing of engine and rudder commands but also sensing 
the relative motion to predict own and surrounding ships future position.  

Prediction of vessel maneuverability at the design stage is an important method for evaluating the 
maneuvering performances of vessels (Resolution MSC.137(76), 2002). In general, two ways are 
available to obtain the maneuvering parameters. Either directly from database, full-scale trials or free-
running model tests or on the other hand with simulation based methods such as system based 
maneuvering simulation or computational fluid dynamics (CFD). No matter which kind of simulation is 
used, usually the vessel maneuvering model is indispensable, which also determines the accuracy of the 
prediction of maneuverability. 

 

1.1. Background 
 

The history of scientific research on maneuvering of ships started already in 1749 with the classic 
work of Euler on equations of motion of a vessel. However, for the following two centuries, shipbuilding, 
as refers to maneuverability1, remained fully based on a shipbuilder’s experience-based knowledge. In 
about 1920, some attention on a more analytic approach appeared when single-plated rudders were 

1 Fredrik Henrik af Chapman can be said to have been using scientific methods (calculus) in shipbuilding already in 
the 18th century. Chapman was a pioneer in the application of mathematical calculations in the relation between 
rigging, displacement, water resistance, the center of gravity of hulls, stability and tonnage. 
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replaced by tow-line-curved rudders. In modern era, various types of mathematical model for 
maneuvering have been developed by different institutions. However they can be classified into two 
types the whole ship model and the modular one. 

The whole ship model also called "Abkowitz" model was named so after Prof. Abkowitz, who 
proposed a method for expressing the hydrodynamic forces and moments by implementing a regression 
model that treats the maneuvering vessel as a complete entity. The forces acting upon were 
represented as a Taylor Series in kinematics and geometrical variables (Abkowitz M. , 1964). The second 
method (MMG) proposed by the Japanese Mathematical Modeling Group, (JMMG) in 1970. In such 
modular mathematical model; each of the ship individual elements (such as the hull, rudder, propeller, 
and engines) is considered as a separate module and contributes to the total hydrodynamic forces 
acting on the vessel. 

The Maneuvering Committee of the 24th International Towing Tank Conference (The manoeuvring 
committee, 2005) reviewed state - of-the-art progress in maneuvering predictions, and categorized 
typical maneuvering prediction methods into three groups: No Simulation, System Based Simulation, 
and CFD Based Simulation methods. 

 

 

Figure 1 Maneuvering prediction methods and definition of "System Based maneuvering Simulation" (The manoeuvring 
committee, 2005) 
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1.2. Objectives 
 

The aim of this master thesis was to create a mathematical model to estimate the behavior of a 
vessel in the maneuvering phase in restricted shallow waters such as in a port. The model should be able 
to assess the vessel’s movements in the surge, sway, yaw and roll degrees of freedom and it should be 
based on first principles approach.  

The purpose for such investigation, according to MTI, was that captains with experience in smaller 
size vessels stated that their new and bigger vessels do not behave as they would expect in 
maneuvering. While, on the other hand, captains with experience from similar size vessels (but different 
type vessels e.g. ULCC or VLCC tankers) stated that vessel behavior does not deviate much from what 
they would expect. Those differences in the opinions of the mariners regarding the maneuvering 
capabilities of a vessel is not something uncommon. In (Prison, Dahlman, & Lundh, 2013) it was shown 
that mariners experienced in shiphandling found it difficult to explain concepts of maneuverability even 
if they are pretty familiar with them. In the figure below, the levels of effort during different phases of a 
voyage can be seen. The levels of effort are estimations from the data collected from the participants in 
(Prison, Dahlman, & Lundh, 2013) and are not directly measured values. As it can be seen in this figure, 
the context requiring the most effort is the close maneuvering phase, which requires a high level of 
activity from the shiphandler.  

 

 

Figure 2 Schematic representation of the estimated levels of required effort during various phases of a voyage (Prison, Dahlman, 
& Lundh, 2013) 

 

Lastly, a system identification scheme was investigated to check the accuracy of the estimated 
maneuvering coefficients. Simulated data from the created model were used in the system identification 
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procedure and the estimated coefficients were compared to the “original” ones which were used in the 
model.  

 

1.3. Method 
 

The used method was to set up and solve the vessel’s equations of motion in surge, sway, yaw and 
roll in the time domain. The maneuvering coefficient estimations were based on the main particulars of 
the vessel and semi-empirical equations. The hydrodynamic forces acting on the hull were estimated by 
the vessel velocities and the maneuvering coefficients. Required data were, taken directly from 
documentation of the vessel, or if that was not possible from semi-empirical formulae and diagrams. 
The wind speed and direction were also implemented into the model. To solve the differential equations 
a MATLAB script was created and MATLAB function “ODE45” was selected as solver. 

Validation of the implementation was done by using a benchmark ship (ESSO OSAKA) suggested by 
the 23rd International Towing Tank Conference (ITTC) in 2002. The maneuvering parameters for a circle 
test and a zig zag test were selected to benchmark against the sea trials data of the vessel. 

The model was tested against a circle and a zig zag maneuver using an example vessel from NYK 
fleet. The sea trials data were compared with the results from the simulation.  

Finally, three different System Identification (SI) algorithms were used to estimate the maneuvering 
coefficients of the system. The maneuvering model was fed with the training data set and created the 
simulated data which were used in the SI techniques.  

 

 

Figure 3 Models used in guidance, navigation and control (Fossen T. I., 2011)  
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2. Modeling 
 

Maneuvering theory, assumes that the vessel is moving in calm water like sheltered waters or in a 
harbor. The basic assumptions for the maneuvering model are the positive surge velocity for the vessel 
and that added mass and damping can be represented by using constant values. 

The vessel motion was simulated by solving numerically in time domain the motion equations for 
the 4 DOF which have been selected, surge, sway, roll and yaw. For each time step all the external forces 
were calculated and the accelerations in every DOF were assessed. The velocities were calculated by 
numerically solving the differential equation.  

 

2.1. Coordinate Systems 
 

In maneuvering theory at least two different coordinate frames are needed, one static coordinate 
system fixed at a static point on Earth and one moving coordinate system fixed on the vessel. In order to 
define these two coordinate systems several intermediate coordinate reference are needed. 

 

 

Figure 4 Coordinate systems (Yasukawa & Yoshimura, 2015) 

 

Geodetic System 
The World Geodetic System (WGS) is a standard used in cartography, geodesy, and navigation 

including GPS. It defines a standard coordinate system for the Earth {i} = (lat,long,h), a standard 
spherical reference surface (the datum or reference ellipsoid) for raw altitude data, and a gravitational 
equipotential surface (the geoid) that defines the nominal sea level. The latest revision is WGS 84, 
established in 1984 and last revised in 2004. (Wikipedia, 2017) 

 

5 
 



ECEF ("Earth-Centered, Earth-Fixed") 
ECEF ("earth-centered, earth-fixed"), is a geographic and a Cartesian coordinate system {e} = 

(xe,ye,ze), sometimes known as a "conventional terrestrial" system. It represents positions as an X, Y, and 
Z coordinate. The origin is defined as the center of mass of the Earth, hence the name "earth-centered." 
The angular rate of rotation is ωe = 7.2921 x10-5 rad/s and hence for relatively low speed marine craft 
can be neglected. (Fossen T. I., 2011) 

 

NED (North – East - Down) 
NED is a geographical coordinate system {n} = (xn,yn,zn) for representing state vectors. It consists of 

three numbers: one representing the position along the northern axis, one along the eastern axis, and 
one representing vertical position. Down is chosen as opposed to up in order to comply with the right-
hand rule. The origin 0n is defined relative to the Earth’s reference ellipsoid. For flat Earth navigation one 
can assume that {n} is inertial such that Newton’s laws still apply. (Fossen T. I., 2011) 

 

Figure 5 ECEF and NED coordinate systems relation (Wikipedia, 2017) 

 

Body 
The body-fixed reference frame {b} = (xb, yb, zb) is a moving coordinate frame that is fixed to the 

vessel. The position and orientation of the craft are described in relation to the inertial reference frame 
while the linear and angular velocities of the vessel should be expressed in the body-fixed coordinate 
system. The origin Ob was choosen to coincide with amidships. This point will be referred to as CO. The 
body axes are chosen to coincide with the principal axes of inertia. (SNAME, 1950) 

 

• xb - longitudinal axis (directed from aft to fore) 
• yb - transversal axis (directed to starboard) 
• zb - normal axis (directed from top to bottom) 
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Figure 6 Body Coordinate system (Do & Pan, 2009) and (Fossen T. I., 2011) 

 

2.2. Dimensionless Form 
 

Non-dimensionalization is the partial or full removal of units from an equation involving physical 
quantities by a suitable substitution of variables.  

This technique can simplify and parameterize problems where measured units are involved. It is 
closely related to dimensional analysis and can also recover characteristic properties of the system like 
frequency, length, or time constants. This technique is especially useful for systems that can be 
described by differential equations. 

For maneuvering, it is often convenient to normalize the ship steering equations of motion such that 
the model parameters can be treated as constants with respect to the instantaneous speed U defined by 

 

 2 2U u v= +  (1) 

 

where u and v are the hull surge and lateral velocity respectively. 

During course-changing maneuvers the instantaneous speed will decrease due to increased resistance 
during the turn. The most commonly used normalization forms for marine craft are the prime system of 
(SNAME, 1950) and the bis system of (Norrbin, 1970). 
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Prime System: This system uses the craft’s instantaneous speed U, the length L, the time unit L/U 

and the mass unit 31
2

Lρ  or 21
2

L dρ as normalization variables. It is inspired by wing theory, where the 

reference area A = Ld is used instead of A = L2. Due to the use of cruise speed U as one of the 
normalization variables, this system cannot be used for low speed applications where the cruise speed 
may be zero, such as dynamic ship position. On the other hand, for ship maneuvering applications, this 
system is the common one.  

Bis System: To overcome the above problem, this system is based on the use of the length L, with 
the time unit /L g  such that speed becomes 0L g⋅ > . So this system can be used for zero-speed as 

well as high-speed applications since the division of speed U has to be avoided. The density ratio μ takes 
the following values: 

 

• μ < 1 Underwater vehicles (ROVs, AUVs and submarines) 
• μ = 1 Floating ships/rigs and neutrally buoyant underwater vehicles 
• μ > 1 Heavy torpedoes (typically μ = 1.3–1.5) 

 

In the table below the normalization variables are given. The nondimensional quantities will be 
distinguished from those with dimension by applying the notation (·)’. In this thesis, the Prime system II 
will be used since it is the one used in (Yasukawa & Yoshimura, 2015) and the author agrees with the 
concept of “standardization” of the mathematical approaches in maneuvering proposed by that paper. 
It is important to note that the draught of the vessel is noted as “T” in the below table while in this 
thesis it is noted as “d”. 

 

Table 1 Normalization variables used for the prime and bis system (Fossen T. I., 2011)2 

 

2 The “T” term in the table is the draught of the vessel which is noted as “d” in this thesis. 
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2.3. Equations of Motions 
 

The equations of motion used here were a modification of the Son and Nomoto nonlinear 4 DOF 
model found in (Fossen T. I., 2011). The necessary corrections from the nonlinear 6 DOF rigid body 
equations of motion when the CO is not coincide with the system’s CG have taken into consideration. 
For the Roll rotational motion the equation found in (Zachrisson, 2011) was used due to limitations in 
the roll moment approximations. 

This model is motivated by Newton’s second law: F = ma, where F represents force, m the mass of 
the vessel and a the acceleration. The Coriolis and centripetal term exist due to the rotation of the 
body-fixed reference frame with respect to the inertial reference frame (Fossen T. I., 2011). 

The equations of motion of a maneuvering vessel, as treated here, were considered from four 
degrees of freedom, surge, sway, roll and yaw motions. The last three modes of motion are coupled 
with each other, however no coupling with surge is considered. The equations are referred to a right 
hand orthogonal system of axes, with origin at the vessel amidships. 

 

Table 2 SNAME Notation of ocean vessels 

Degree of 
freedom 

 Force and 
Moment 

Linear and 
angular velocity 

Position and 
Euler angles 

1 Surge X u x 
2 Sway Y v y 
3 Heave Z w z 
4 Roll K p φ 
5 Pitch M q θ 
6 Yaw N r ψ 

 

 

 2( ) ( ) ( )u v G Gm X u m Y vr X m x r z rp− − − = + −   (2) 

 2 2( ) [ ( )] ( )v r p G um Y v Y r Y p Y m y p r m X ur− + + = + + − −       (3) 

 ( ) [ cos( ) 2 ( )] ( )
2xx p v p HULL G u
dI K p K v K K p Y Rudcg CG Y z lx X urϕ δϕ δ− + = + − + − + −      (4) 

 ( ) [( ) ]v G p zz r G r G uN v x Y p I N x Y r N x m X ur+ + − + = − −        (5) 

 

where lx , is the distance from the reference point (CO) to the point where the hydrodynamic lateral 
force is acting . So this point is actually the center of pressure of the “lifting surface” that the hull forms.3  

3https://en.wikipedia.org/wiki/Center_of_pressure_(fluid_mechanics) 
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As it can be seen in (ABS, 2006) the hull works as a lifting surface with a very small ratio between chord 
and span. 

 

 

Figure 7 Vessel Hull as Lifting Surface (ABS, 2006) 

 

The hull is symmetrical about the XZ plane so the shape of this lifting surface (wing airfoil) can be 
assumed to be symmetrical. It can be shown that the center of pressure and the hydro dynamic center 
of a symmetrical airfoil coincide (Roskam, 2001). The position of the hydrodynamic center does not 
move with the change of the angle of attack of the flow. 

 

 0.25ac xx l= =  (6) 

 

The terms on the right-hand side of the equations (2) to (5) were defined in terms of a third-order 
Taylor series expansion with some of the coefficients neglected due to the lack of finding a semi-
empirical formula for those coefficients.  

 

 (0) (1 ) sinP vr extX X t T X vr X Xδ δ= + − + + +  (7) 

 3 3 2 2 cosv r vvv rrr vvr vrr extY Y v Y r Y v Y r Y v r Y vr Y Yδ δ= + + + + + + +  (8) 

 3 3 2 2
HULL v r vvv rrr vvr vrrY Y v Y r Y v Y r Y v r Y vr= + + + + +  (9) 

 3 3 2 2
v r vvv rrr vvr vrr extN N v N r N v N r N v r N vr N= + + + + + +  (10) 

 

The term (0)X 4 represents the total resistance of the vessel and the subscript ext denotes external 

forces and moments due to wind, waves and ocean currents. 

4 .This term is usually modeled as quadratic drag (0) u uX X u u= ⋅  .This will be used for the system identification 

scheme. 
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2.4. Maneuvering Coefficients 
 

According to (SNAME, 1950), the partial derivatives of a force (or moment) component with respect 
to a linear or angular velocity (or acceleration) should be designated by the force (or moment) with the 
velocity (or acceleration) as a subscript.  

 

 u
XX
u

∂
=
∂

 (11) 

 

Several attempts like these from (Smitt, 1970), (Inoue, Hirano, & Kijima, 1981) and (Clarke, Gedling, 
& Hine, 1982) have been made to derive empirical expressions for the derivatives based on measured 
values from planar motion and rotating arm experiments, but primarily for the velocity derivatives. 
Multiple linear regression analysis, both linear and non-linear, was used to develop empirical formulas 
to explain the variation in the available data for the velocity derivatives and also the acceleration 
derivatives. 

The maneuvering coefficients in this thesis were assumed to be constant and they are approximated 
by semi-empirical equations from (Vantorre, 2001), (Zachrisson, 2011) and (Rawson & Tupper, 2001) 
which can be found in the appendices. In the same way, the added masses were also assessed by semi 
empirical values which can also be found in the appendices. 

It must be noted that according to (Clarke D. , 2003) there is a big problem when comparing 
derivatives from different experimental facilities, especially if different curves are used into fitting the 
data. The reason behind this is clearly illustrated in Figure 7. 

 

 

Figure 8 Non-linear forces and moments: Different coefficients values from cubic and second order modulus curve fit (Clarke D. , 
2003) 
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2.5. Acting forces approximations 
 

As mentioned before in this thesis, the motion equations actually represent the Newton’s second 
law for a rigid body with the CG non-coinciding with the origin of the coordinate system CO. The forces 
acting on the vessel can be divided into the following components: 

 

1. hydrodynamic forces acting on the hull due to the interaction of the hull with the sea water 
2. hydrodynamic forces acting on the rudder 
3. hydrodynamic force due to propeller 
4. wind loads due to wind speed and direction 
5. current force and direction 

 

Hydrodynamic forces on the hull 
The forces on the hull due to the interaction with the water were approximated in the equation of 
motion with the maneuvering coefficients which have indexes the velocities v and r and also the ( )0X

which actually represents the vessel water resistance.  

 

Hydrodynamic forces acting on the rudder 
The non-dimensional rudder forces due to the rudder angle and the inflow velocity to the rudder behind 
the propeller were modelled as the equations below: 

 

 

(1 ) sin
(1 ) cos
( ) cos

R R N

R H N

R R H H N

X t F
Y F

x x F

δ
α δ
α δ

′ ′= − −
′ ′= − +
′ ′ ′ ′Ν = − +

 (12) 

 

The tR, aH and xH are the coefficients representing mainly hydrodynamic interaction between ship 
hull and rudder and FN is the non-dimensional rudder normal force. 

The Rt  is called the steering resistance deduction factor and is defined as the deduction factor of 

rudder resistance versus sinFN δ . Actually, XR includes a component of the propeller thrust change due 
to steering. Therefore, Rt  means a factor of both the rudder resistance deduction and the propeller 

thrust increase induced by steering. 
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The Hα and '
Hx are called the rudder force increase factor and the non-dimensional position of an 

additional lateral force component, respectively. The Hα represents the factor of lateral force acting on 

ship hull by steering versus cosFN δ which means the lateral component of FN. 

Similar the '
Rx  is the non-dimensional position of the rudder’s center of gravity with respect to the CO 

( )bO .  

In this thesis the rudder was assumed to be an all movable control surface as shown in the following 
figures. All the approximations for the above parameters can be found in the appendices. 

 

 

Figure 9 Notation for typical all-movable control surface (Molland, 2008) 

 

13 
 



 

Figure 10 A diagram of inflow velocity to rudder behind the propeller (Yasukawa & Yoshimura, 2015) 

 

Hydrodynamic force due to propeller 
The propeller was modeled as in (Yasukawa & Yoshimura, 2015) and the thrust force was expressed as: 

 

 2 4 21(1 ) /
2P tP P P P TX C t n D K LdU′ = −  (13) 

 

where DP is the propeller diameter, n the propeller rate of revolution and 0Pt the thrust deduction factor 

at the propeller location in straight forward motion.  

The thrust coefficient TK  was interpolated, as a function of the propeller advance ratio JP, from the 

propeller open water characteristics  

 

 2
2 1 0( ) ( ) ( )P p P PK f J k J k J k= = ⋅ + ⋅ +  (14) 

 

This function can be seen, together with the similar function for the torque coefficient KQ, in the figure 
below. The propeller parameter used were generic and for calculating the results a MATLAB script for 
calculating open water propeller characteristic was developed at KTH (Kuttenkeuler, 2015). 
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Figure 11 Generic Propeller Thrust curve 

 

In the expression of XP, the steering effect on the propeller thrust T was excluded. Instead of this, the 
effect was taken into account at the rudder force component XR as shown in the previous section. 

 

Wind force and direction 
Wind is defined as the movement of air relative to the surface of the Earth. Mathematical models of 
wind forces and moments are used in motion control systems to improve the performance and 
robustness of the system in extreme conditions.  

Let wV and wγ denote the wind speed and angle of attack, respectively as shown in the Figure 11. For 

a ship moving at a forward speed, the wind speed and the angle of attack should be redefined in terms 
of relative wind speed rwV  and relative angle of attack rwγ  
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Figure 12 Wind speed, wind direction and wind angles of attack relative to the bow (Fossen T. I., 2011) 

 

The forces and moments acting on the hull due to the wind load can be approached by the below 
equations. 

 

 

( )
( )
( )
( )

wind X rw Fw

wind Y rw Lw

wind K rw Lw Lw

wind N w Lw o

X qC A
Y qC A
K qC A H
N qC A H α

γ
γ
γ
γ

=
=
=
=

 (15) 

 

 

2

2 2

1
2

tan 2( , )

w w

a rw

rw rw rw

rw rw rw

rw w

rw w

q V

V u v
a v u

u u u
v v v

γ ψ β π

ρ

γ

= − −

=

= +

= −
= −
= −

 (16) 
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where 
wFH  and 

wLH  are the centroids above the water line of the frontal and lateral projected areas 

FwA and LwA , respectively. 

To compute the wind coefficients, a simple load concept based on the Helmholtz–Kirchhoff plate theory 
was applied (Blendermann, 1994). The load functions were parameterized in terms of four primary wind 
load parameters: longitudinal and transverse resistance CDl and CDt, respectively, the cross-force 
parameter δ and the rolling moment factor κ. Numerical values for different vessels are given in the 
table below. 

 

  Table 3 Coefficients of lateral and longitudinal resistance, cross-force and rolling moment (Fossen T. I., 2011) 

 

 

The function“blendermann94” provided by Dr. Fossen in “Marine Systems Simulator toolbox” 
(Fossen & Perez, 2004) was used for the assessment of the wind forces and moments. Additionally it 
should be noted that the wind measurements should be low-pass filtered since only the mean wind 
forces and moments can be compensated for by the propulsion system. The MATLAB function “smooth” 
from the “Curve Fitting Toolbox” used for the smoothing of the wind measurements. 

 

Current force and direction 
Ocean currents are horizontal and vertical circulation systems of ocean waters produced by gravity, 
wind friction and water density variation in different parts of the ocean. 
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If we assume that the ocean current is irrotational and constant then the equations of motion are still 
valid using as velocity the relative velocity between the vessel and the ocean current velocity as it is 
shown in (Fossen T. I., 2011) and (Hegrenaes, 2010). 

 

 

Figure 13 Definition of a vessel's heading (encounter) angle (Do & Pan, 2009) 

 

In this thesis, no loads for the sea currents were applied due to lack of current data. 

 

2.6. Shallow waters effect 
 

Body forces depend not only on the actual acceleration, speed, and (in case of heel) orientation of 
the vessel, but also on the previous time history of body motion. This is due to vortex shedding and 
waves generated by the ship. However, these ‘memory effects’ are very small in ordinary maneuvering 
motions in calm waters. 

Shallow water, non-uniform current and interactions with other ships may substantially influence 
the body forces as discussed in detail in (Brix, 1993). The influence of shallow waters can be roughly 
described as follows. If the ship keel is just touching the sea bottom, the effective aspect ratio of the 
ship hull is increased from approximately 0.1 to∞ . This increases the transverse forces. The rudder itself 
increases its effective aspect ratio from approximately 2 for deep waters to ∞ for extremely shallow 
waters. The rudder forces are then increased by a factor of approximately 2.6. The hull forces for a yaw 
stable ship decrease the course-changing ability and the rudder forces increase the course-changing 
ability. Since the hull forces increase more than the rudder forces on shallow water, the net result for 
yaw stable ships is: 

 

• increased radius of turning circle 
• increased turning time 
• increased yaw checking time 
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For yaw instable ships, this may be different, especially if the yaw stability changes drastically. 
Shallow waters may increase or decrease yaw stability. One of several effects is the change of trim 
(Volker, 2012). 

A vessel behavior in general and her maneuverability in particular, depends on the ratio of the water 
depth h of the navigation area to the vessel’s draft d. According to (Vantorre, 2001) an arbitrary 
distinction of the depth ratio can be:  

 

• Deep water h/d>3.0 
• Medium water 1.5<h/d<3.0 
• Shallow water 1.2<h/d<1.5 
• Very Shallow water h/d<1.2 

 

In the literature a lot of different approaches for calculating the expressions for semi–empirical 
formulas for shallow water maneuvering coefficients can be found. For the coefficients occurring in the 
MMG mathematical maneuvering model many expression exist in (Inoue, Hirano, & Kijima, 1981) and in 
(Hirano, Takashima, Moriya, & Nakamura, 1985). The empirical formulae for added inertia coefficients 
were proposed by (Li & Wu, 1990). All the correction factors which were used in this thesis can be found 
in the appendices. 

 

 

Figure 14 Depth/Draught ratio of the whole NYK sea trials data batch 

 

2.7. Assumptions 
 

The following assumptions were employed in the numerical model: 
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• Ship was modeled as a rigid body. 
• Hydrodynamic forces acting on the ship were treated quasi-steadily. 
• Lateral velocity component was assumed small compared to longitudinal velocity 

component. 
• Ship velocity was not fast thus wave-making effect could be neglected. 
• The maneuvering coefficient was assumed to be constant 
• Zero-frequency wave excitation from sea waves 
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3. System Indentification 
 

Generally, there are two ways to obtain a vessel maneuvering model. The most common way is the 
determination of maneuvering coefficients in the mathematical model of maneuvering. The second way 
is where artificial intelligence techniques are employed to obtain an implicit model (or so-called a 
blackboxmodel) that describes the input-output mapping characteristics of vessel dynamics. 

To determine the hydrodynamic coefficients, several methods can be used, including database, 
empirical formula, captive model test, CFD calculation and system identification (SI) combined with free-
running model test or full-scale trials as it is shown in (Luo W. , 2016).  

System Identification (SI) is the process of finding the point that minimizes a function which is called 
Cost Function and is not the equation of the model. Through that minimization process the “optimum” 
values of vector X are indentified. 

 

 

Figure 15 System Optimization Technique https://www.mathworks.com 

 

System identification as a technique is known in maneuvering theory from 1977. Two methods that 
have been applied to the vessel hydrodynamics case are “output error” (Trankle, 1985) and “extended 
Kalman filter” (Abkowitz M. A., 1980). 
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Figure 16 System identification from (Lewis, 1989) 

 

3.1. System identification Theory 
 

Mathematic optimization is the process of finding the parameters which minimizes a so called cost 
function while System Identification is the process of using mathematical optimization for deriving the 
parameters of the equations describing the characteristics of a system. Through that minimization 
process the “optimum” values of vector X is assessed. Vector X represents the system behavior. The 
input and output signals measured from a process are used to estimate the values of adjustable 
parameters in a given model structure. 

If Y is the system’s output, X is the system’s coefficients and A is the regressor matrix of the process then  

 

 Y AX=  (17) 

 

 

1 11 12 1 1
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 (18) 

 

where M is the number of parameters and N is the number of observations. The mathematical 
relationship between input and output variables that contains the unknown parameters is called model 
structure. 

The cost function is an expression which returns a scalar value for every vector of the parameters. 
The aim is to minimize the cost function when the parameter vector has reached the optimum values of 
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the parameters. For the cost function, the sum of the absolute value of the residuals divided by the 
number of the time samples minus the number of the parameters, which are assessed, has been used. 
This equation also called internally studentized residuals (Tangirala, 2015).  

 

 
ˆ( )t t

t
t

Y Ye Y
−=  (19) 

 

 
1

1 N

tR e
N p

=
− ∑  (20) 

 

The SI methods are an effective, practical and relatively low cost method to obtain the maneuvering 
coefficients. However, it has as well certain disadvantages. The main disadvantage is the problem of 
parameter identifiability. The parameter “identifiability” can be separated in two reasons. The first one 
is whether a parameter cannot be identified no matter what input-output samples are provided and no 
matter which SI technique is adopted. The reason for that is the structure of the SI procedure. For 
example, the parameter of vr regressor in surge motion combines two different maneuvering 
coefficients and makes it impossible to separate them, at least taking into consideration only that 
degree of freedom. This example can be shown in the following equation: 

 

 ' '( )vr rX Y−   (21) 

 

Possible solutions for this issue are, the reduction of the complexity of the model, by reducing the 
number of the parameters (maneuvering coefficients), or the solution of the system motion by motion 
(surge solved separately from sway) and then the combination of the outcomes to calculate the values 
of the coefficients. 

The other kind of parameter “identifiability” is the effect of parameter drift. The assessed 
coefficients might predict the maneuvering motion well compared to the test results but they deviate 
from the true values (as it is said, they are mathematically correct but not physically correct). It should 
be noted that this prediction ability is usually restricted to the prediction of the maneuver which 
provides the data samples for system identification. The drift of hydrodynamic coefficients results from 
the so-called multicollinearity. Multicollinearity (also collinearity) is a phenomenon in which two or 
more predictor variables, in a multiple regression model, are highly correlated. In this situation the 
coefficient estimates of the multiple regression may change erratically in response to small changes in 
the model or in the data. To assess the degree of multicollinearity one of the possible assessment tools 
is the correlation coefficient. This method provides a simple and effective way. A Pearson's correlation 
coefficient between two variables 1x and 2x can be defined as 
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=  (22) 

 

To solve the issue of multicollinearity three approaches are used in this thesis:  

 

• difference of the samples 
• additional signal 
• simplification of the maneuvering model 

 

Difference of the samples 
Difference method provides a simple way to reconstruct the samples (Luo, Guedes Soares, & Zou, 
Parameter identification of ship maneuvering model based on support vector machines and particle 
swarm optimization, 2016) and to reduce the parameter drift. Taking the SI equation as an example we 
have: 

 

 
( 1) ( ) ( )

( ) ( 1) ( 1)

( ) ( 1) ( 1)

t t t

t t t

t t t

Y Y A X
Y Y A X
Z Z W X

+

− −

− −

= +

= +

= +

 (23) 

 

Where X is the coefficient vector and  

 

 1

1

t t t

t t t

Z Y Y
W A A

+

−

= −
= −

 (24) 

 

As the input-output pair are altered Y to Z and A to W, the coefficient vector remains the same X. The 
difference of samples reduces the degree of linear dependence of the input variables. The reduction can 
be seen in the relative tables in the appendix (Table 15 through Table 18).  

 

Additional Signal 
The second approach to reconstruct the input-output is the method of additional signal. This method 
had been successfully applied to the identification of vessel maneuvering (Luo & Zou, Parametric 
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identification of ship maneuvering models by using support vector machines, 2009). As it is shown in the 
equation below a ramp signal can be reconstructed by adding a constant λ.  

 

 ( 1) ( )a t a ty y λ+ = +  (25) 

 

 ( 1) ( 1) ( ) ( ) ( )t a t t a t tY y Y y A X λ+ +   + = + + +     (26) 

 

The additional signal can also be a more complicated nonlinear function. In this thesis the following 
equations were used: 

 

 

( )( ) ( )

2

1

0.05* sin

1

a t RMS t

N

RMS i
i

y Y Y

Y Y
N =

= ⋅

= ∑
 (27) 

 

Simplification of the maneuvering model 
The last option to reduce the degree of linear dependence of the input variables is to reduce the 

complexity of the model. A simpler model may behave accurately enough while in the same time may 
solve the problem of parameter drift. In this thesis, when the parameter correlation still remains after 
the implementation of all the above techniques the simplification of the SI model will be used. One of 
the correlated coefficients was arbitrary selected and its value was expressed as a known one. In this 
way the complexity of the model was reduced and the correlation problem was solved. As a maximum 
correlation value 0.65 was selected arbitrary. If a correlation coefficient was bigger than that limit then 
one of the coefficient values was selected as known and it was fed into the SI algorithm. 

Lastly, one important issue in SI methods is the local or global optimum solution. A local optimum of 
an optimization problem is a solution that is optimal (either maximal or minimal) within a neighboring 
set of candidate solutions. This is in contrast to a global optimum, which is the optimal solution among 
all possible solutions and not just those in a particular neighborhood of values. The point where the 
code starts to search for the minimum is of great importance as it is shown in the below graphs. The 
closer to the Global optimum the better. If there is a local optimum between the Global optimum and 
the initial point there is a great possibility that the solution will end up in the local optimum instead of 
the global (the solver technique is of great importance in this case). The Initial point problem becomes 
more difficult as the dimensions of the system increase (number of parameters assessed). The solution 
for this is the multiple run of the SI algorithm from different initial points. In this way the possibility of 
reaching the global optimum is increased. In order to limit the searching space boundaries for the 
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parameters can be set. In this thesis due to limit computational force the number of SI iteration was set 
to 100 iterations per motion and the boundaries of the parameters were set as multiplication of the 
semi empirical value of the parameter (or the combination of the parameters as it has been explained in 
the parameter identifiability problem). 

 

 

Figure 17 Local vs Global Minimum (MATLAB, 2017) 

 

 

Table 4 SI issues and solutions 

 Problem Reason Decision Tool Solution 

1 Parameter 
identifiability Model structure - 

1. Solve the problem 
separately every degree of 
freedom 

2. Model complexity 
reduction 

2 Parameter 
drift Multicollinearity Correlation coefficient 

1. Difference method 
2. Adding signal method 
3. Model complexity 

reduction 

3 Local 
optimum 

Non smooth 
cost function Cost function figure 

1. Use of different SI 
algorithms (patternsearch) 

2. Multiple iterations with 
different starting point 

3. Limitation of the searching 
space by setting limits 
based on the semi-
empirical value of every 
parameter 
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3.2. Optimization Algorithm 
 

There are many different algorithms which can be used to find optimal solutions to continuous and 
discrete problems. These solvers may be used to solve optimization problems where the cost function is 
continuous, discontinuous, stochastic, does not possess derivatives, or includes simulations or blackbox 
functions. Some of them terminate in a finite number of steps and some use iterative methods that 
converge to a solution. The algorithms used in this thesis are: 

 

1. Patternsearch 
2. Fmincon 
3. Elastic Net 

 

Patter Search 
Pattern search, is a numerical optimization method which solves the problem without need of 

knowledge of the gradient of it. As a result, it can be used on functions that are not continuous or 
differentiable. The name "pattern search" was coined by Hooke and Jeeves (Hooke & Jeeves, 1961) 

Pattern is the set of vectors that the algorithm uses to determine which points of the plane will be 
examined at each iteration. Typically the set is defined by the number of the independent variables in 
the objective function. The points which are examined are called the mesh.  

A simple version of the pattern search method works as follows. One theoretical parameter at a 
time varies by steps of the same magnitude. When no such increase or decrease in any parameter 
further improves the fit to the experimental data, then the step size is decreased and the process is 
repeated until the steps are deemed sufficiently small. In a more complicated version of the algorithm 
the mesh size increases after each successful iteration and decreases after each unsuccessful one. As 
someone would expect, the objective function values improve rapidly at the early iterations and then 
level off as they approach the optimal value. 

The MATLAB function “patternsearch” from the “Global Optimization Toolbox” was used for the 
implementation of this algorithm. 

 

Fmincon 
Fmincon is an algorithm which finds a constrained minimum of a scalar function of several variables 

starting at an initial estimate. This is generally referred to as constrained nonlinear optimization or 
nonlinear programming. It is a gradient-based method that is designed to work on problems where the 
objective and constraint functions are both continuous and have continuous first derivatives. Fmincon 
usually requires less time than patternsearch, but is more prone to local optimum issues.  
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Fmincon is using the first (gradient) and second derivative (Hessian Matrix) of the cost function for 
reaching to the “optimum” point. The algorithm can assess the gradient and Hessian but those 
derivatives may be also provided by the user.  

 

Elastic Net 
Elastic net is a hybrid of ridge regression and lasso regularization. It solves the following 

regularization problem for an “Alpha (α )” strictly between 0 and 1 and a nonnegative λ 

 

 
0

2
0

1

1min ( ) ( )
2

N
T

i i a
i

y x P
Nβ β

β β λ β
=

 − − + 
 

∑  (29) 

 

 
2 2
2 1

1

(1 ) 1( )
2 2

p

a j j
j

aP aαβ β α β β β
=

− − = + = + 
 

∑  (30) 

where:  

• N is the number of observations 
• iy  is the response of the observation i 

• ix  is data, a vector of p  values at observation i 

• λ  is a positive regularization parameter 
• The parameters 0β  and β are scalar and p-vector respectively. 

 

Lasso (least absolute shrinkage and selection operator) is a regularization technique for performing 
linear regression. It minimizes the usual sum of squared errors, with a bound on the sum of the absolute 
values of the coefficients. The original paper for lasso is (Tibshirani, 1996). Lasso solves the problem 
below and as λ  increases, the number of nonzero components of β  decreases. 
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Ridge Regression is a technique for analyzing multiple regression data that suffer from 
multicollinearity. When multicollinearity occurs, least squares estimates are unbiased, but their 
variances are large so they may be far from the true value. By adding a degree of bias to the regression 
estimates, ridge regression reduces the standard errors.  

In ordinary least squares, the regression coefficients are estimated using the formula: 

 

 1ˆ ( )T TX A A A Y−=  (32) 

 

Ridge regression proceeds by adding a small value, k (ridge parameter), to the diagonal elements of 
the correlation matrix. This is where ridge regression gets its name since the diagonal of ones in the 
correlation matrix may be thought of as a ridge.  

 

 ( ) 1ˆ T TX A A k A Y
−

= + Ι  (33) 

 

It can be shown that there is a value of k for which the mean squared error (the variance plus the 
bias squared) of the ridge estimator is less than that of the least squares estimator. Unfortunately, the 
appropriate value of k depends on knowing the true regression coefficients (which are being estimated) 
and an analytic solution, that guarantees the optimality of the ridge solution, has not been found. The 
best strategy is to choose the smallest possible value for k (which introduces the smallest bias) after 
which the regression coefficients seem to remain constant. It should be noted that increasing k will 
eventually drive the regression coefficients to zero. 
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Figure 18 Ridge regression trace (NCSS Statistical Software, 2017) 

 

Similar to lasso, elastic net can generate reduced models by generating zero-valued coefficients (Zou 
& Hastie, 2005). Empirical studies have suggested that the elastic net technique can outperform lasso on 
data with highly correlated predictors. Elastic net is the same as lasso when α = 1. As α shrinks toward 0, 
elastic net approaches ridge regression. 

In this thesis the MATLAB function “lasso” from Statistics and Machine Learning Toolbox was used 
for the implementation of the lasso algorithm. Algorithm argument “Alpha” was set to 0.5 and k-fold 
cross-validation argument was set to 50. The k-fold cross-validation is a model evaluation method that is 
better than residuals. Τthe original sample is randomly partitioned into k equal sized subsamples. One or 
the k subsamples is retained as the validation data for testing the model and the remaining (k – 1) 
subsamples are used as training data. The same process is subsequently repeated k times (the folds), 
with each of the k subsamples used exactly once as the validation data. The k results from the folds 
averaged to produce a single estimation 

 

 

Advantages and disadvantages of the algorithms implementation 
There are advantages and disadvantages of the different SI algorithms. Those differences may be 

due to the algorithm itself but also due to different implementation codes. A comparison of different 
algorithms used in this thesis can be found in the following table: 

 

30 
 



 

 

Table 5 SI algorithm comparison 

SI algorithm Advantages Disadvantages 

Pattersearch 

• No need of 
smooth Cost 
Function 

• Less prone to 
local minimum 

• Can use limits for 
the assessed 
parameters 

• Can “feed” a 
value for a 
parameter 

• More time consuming 
of the algorithms used 

• Needs lots of iterations 
to obtain a global 
optimum  

Fmincon 

• Less time per 
iteration needed  

• More easy to 
understand 
concept 

• Can use limits for 
the assessed 
parameters 

• Can “feed” a 
value for a 
parameter  

• Needs the most 
iterations to obtain a 
global optimum of the 
algorithms used 

• Need of a smooth Cost 
function 

• Local minimum prone 

Elastic Net 

• Less time needed 
in total 

• Sensitivity 
estimation of the 
parameters 

• Dimensional 
reduction of the 
model 

• No control on the value 
limits of the parameter 

• Some parameters value 
may not be estimated 
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4. Full Scale Trials 
 

The data provided by NYK originate from the sea trials of a container vessel with the below 
particulars. 

 

Table 6 Vessel Particulars 

Parameter Value 
Length [m] 364 
Beam [m] 50.6 
Draught [m] 15.786 
Block Coef [-] 0.639 

 

Firstly, the raw data were limited to the movement path appearing in the following figure. Τhis 
movement was moreover divided to 3 data set 

 

1. Circle Test set (the last circle maneuver in the plot) 
2. Zig Zag Test set (the zig zag maneuver prior to the last circle maneuver) 
3. Training Test Set (all the remaining movement) 

 

 

Figure 19 Complete sea trials path 
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Data sampling frequency of 10Hz was considered to be enough even for simulating the roll motion. 
The MATLAB function “fft” was used to find the roll frequency of the vessel and then calculate the roll 
period. From the figure below it can be shown that the vessel had a frequency of almost 0.04 rad/s 
which corresponds to a 10 seconds roll period. 

 

 

Figure 20 Roll FFT calculated frequency 

A cleaning process was used to remove any outliers, deal with missing data and select the 
appropriate parameters. The strategy was to remove completely areas with problematic data and not to 
simulate or fill in with any other process.  

With the use of angular velocity from (Lewandowski, 2004) and the Euler angle transformation from 
(Fossen T. I., 2011) the position – velocity – acceleration were calculated. Those parameters were 
measured at the bridge of the vessel. The values were moved amidships with the appropriate equation.  

Finally, the depth over draught ratio and the propeller RPM were checked. The depth over draught 
ratio was checked and, as it could be seen in Figure 13, the whole sea trial was conducted in medium 
water depth ratio (1.5< d/T<3.0) according to (Vantorre, 2001). 

The propeller RPM Figure 20 showed that the sea trials maneuvers were conducted in the same 
RPM range (41 revolutions per minute) except from the parts of the turning maneuver where the 
propeller RPM were increased to 50 revolutions per minute.  

 

33 
 



 

Figure 21 NYK's sea trials propeller RPM 

 

The constant RPM value is an important aspect in the estimation of the maneuvering coefficient 
value. As it can be seen in Figure 21, under different RPM the gradient of the force over rudder angle is 
changing which is actually effecting the maneuver coefficients of the rudder ( ' ' ', ,R R RX Y N ). In this thesis, 

it was assumed that the increase in the propeller load can be ignored since the time duration was small 
compared with the whole sea trials. Furthermore, for the circle and the zig zag test, which were 
simulated, the propeller RPM were kept constant. 

 

 

Figure 22 Rudder normal force over rudder angle in different propeller load conditions (Yasukawa & Yoshimura, 2015) 
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5. Validation 
 

In order to validate the semi-empirical coefficients model, check the accuracy and the correct 
implementation of the shallow water corrections, data from the sea trials of the Esso Osaka were used. 
The 278 000 DWT tanker was selected by the 23rd ITTC as a benchmark ship for comparison of various 
methods for predicting ship maneuverability.  

Esso Osaka was launched in 1973 and in 1977 it was involved in a comprehensive test series in the 
Gulf of Mexico. Those tests were performed in two shallow-water sites and one deep-water site. The 
main objective of those trials was to develop data for improving the quality of computer simulations, of 
shiphandling for training shiphandlers and for research and design (Crane Jr., 1979). 

 

 

Figure 23 Cross-sectional sketch of Esso Osaka relative to the three water depths of the trials (Crane Jr., 1979) 

 

Detailed reference of Esso Osaka particulars can be found in the appendix 2 in (Crane Jr., 1979). 
These particulars were used to assess the maneuvering coefficients for the maneuvering model through 
the semi-empirical formulas. For comparison reasons, different sets for maneuvering coefficients can be 
found in (ITTC, 2002). 

Among the various tests conducted in the sea trials, only a circle test and a zig zag test were selected 
to be examined. These tests were simulated and the results were compared to the sea trials results from 
(Crane Jr., 1979).The circle test was conducted with 35° rudder angle and it was simulated both port and 
starboard. The zig zag test was conducted with 20° rudder deflection. For both tests the approach 
velocity was assumed to be 7 knots. No wind forces and no current velocity were used in the simulation. 

The shallow water effects were taken into consideration for the bellow depths ratio as stated in the 
paper 
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• Deep (h/T = 4.2) 
• Medium (h/T = 1.5) 
• Shallow (h/T = 1.2) 

 

5.1. Circle 35°Rudder 
 

A turning circle maneuver was simulated. In the beginning the vessel sailed with no rudder 
deflection for one minute and then the rudder was deflected 35 degrees either port or starboard 
depending in the test. The deflection rate was set to 0.05 rad/sec according to (Crane Jr., 1979). The 
resulted tracks can be found in Figure 23. MATLAB function “ode45”, from Ordinary Differential 
Equation Toolbox, was used to solve the differential equation and the sampling frequency was 10 Hz. 

 

 

Figure 24 Esso Osaka Circle simulation track 

 

The simulation results were compared to the sea trials results. Various maneuvering parameters can 
be seen in Table 7 . The comparison is based on these maneuvering parameters. The advance parameter 
is the distance travelled by the center of gravity in a direction parallel to the original course after the 
instant the rudder is put over. Transfer is the distance travelled by the center of gravity perpendicular to 
the original course. Lastly, the tactical diameter is the value of the transfer when the ship’s heading has 
changed by 180 degrees. All the parameters were assed for port turn (L) and starboard turn (R). As it can 
be seen, the pattern of the sea trials to increase under different water depth is followed by the 
simulation. The best approximation is in Advance and in the Tactical diameter. The transfer parameter 
has a 20% average difference between the sea trials and the simulated results. In general, taken into 
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consideration that no wind force and no current has been implemented into the simulation the results 
can be considered as reasonably accurate. The missing wind and current data may be one of the reason 
for the decreased accuracy in speed loss. Another reason may be the non-accurate ( )P PK f J=  curve. 

The parameter tPC  can be used in order to correct and smooth those inaccuracies.  

 

Table 7 Validation circle parameters comparison 

 

5.2. Zig Zag Test 20°/20° 
 

In this test a 20°/20° zig zag maneuver was simulated. One minute of straight sail was simulated in 
the beginning and consequently a 20 degrees rudder deflection was used for the maneuver. The 
deflection rate was the same as in the circle test. The sampling frequency was also 10 Hz and “ode45” 
was used as solver. 

 

 

Figure 25 Esso Osaka Zig Zag simulation track 

Parameter 
Simulation 

deep 
waters 

Sea 
Trials 
deep 

waters 

% 
Differ 

Simulation 
medium 
waters 

Sea 
Trials 

medium 
waters 

% 
Differ 

Simulatio
n shallow 

waters 

Sea 
Trials 

shallow 
waters 

% 
Differ 

Advance [m] 
L 827 1005 -17.71 864 915 -5.57 1111 1190 -6.63 
R 869 1015 -14.38 940 990 -5.05 1187 1180 0.59 

Transfer [m] 
L 426 310 37.41 472 385  22.77 680 555 22.52 
R 456 360 26.66 504 405 24.44 747 705 5.95 

Speed Loss 
[%] 

L 48.99 35 39.97 53.47 32 67.09 55.97 26  115.26 
R 47.88 33 45.09 52.16 33 58.00 53.96 35 54.17 

Tactical 
Diameter[m] 

L 823 895 -8.04 886 1075 -17.58 1221 1565 -21.98 
R 883 925 -4.54 953 1075 -11.34 1348 1590 -15.22 
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The results of the maneuvering parameters can be found in Table 8. The overshoot angle is the 
amount by which the ship’s heading exceeds the 20 degree deviation before reducing. As in the previous 
test results, the simulated results follow the same pattern of the sea trials data under different depth. 
As an example, in First Overshoot Angle, where the magnitude errors were the biggest, the pattern was 
followed, increased from deep to medium waters and then decreased from medium waters to shallow 
waters. Τhe magnitude of the parameters was not as accurate as it was in the circle test. Reasons behind 
this may be the lack of wind and current data. Also as it is mentioned in (Molland, 2008), some factors 
which have a major impact on initial response have very little effect on tactical diameter. Zig zag test is 
carried out to study more closely the initial response of ship to rudder movements. Probably some 
coefficients which are important for the initial response have not assessed as accurately as the 
coefficients which are important for the circle maneuver. 

 

Table 8 Validation Zig Zag comparison 

 

 

  

Parameter 
Simulation 

deep 
waters 

Sea 
Trials 
deep 

waters  

% 
Differ 

Simulation 
medium 
waters 

Sea 
Trials 

medium 
waters 

% 
Differ 

Simulation 
shallow 
waters 

Sea 
Trials 

shallow 
waters 

% 
Differ 

First overshoot 
angle [deg] 4.8109 9.5 -49.36 5.2181 11.2 -53.40 2.93 7.8 -62.43 

Second overshoot 
angle [deg] 5.2235 - - 5.8322 - - 3.54 - - 

Maximum Lateral 
deviation [m] 241.551 460 -47.48 285.55 590 -59.81 308.79 505 -38.85 

Advance at 
maximum lateral 

deviation [m] 
1314.25 1540 -14.65 1438.36 1650 -12.82 1660.52 1400 18.60 
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6. Results 
 

In this section the results from the simulation of the tests maneuvers are compared with the sea 
trial data. The maneuvers were simulated with maneuvering coefficients which had been estimated by 
the semi empirical formulas for deep water and also with maneuvering coefficients corrected for the 
depth ratios where the sea trials were conducted. This allowed the comparison of the two different 
vessel behaviors. The vessel particulars for the semi empirical formulas came from NYK and from semi-
empirical formulae and diagrams where no information could be provided due to policy reasons.  

Additionally, the results from the SI procedure are presented. Simulated data originating from the 
maneuvering model and the inputs of the training data set were used. This way the “true” values of the 
coefficients are known and a more accurate comparison can be made.  

 

6.1. Maneuver simulation 
 

Circle 35° 
Firstly, the circle maneuver was simulated. The maneuvering coefficients for the deep waters were 

assessed and also the corrected ones for the depth over draught ratio. The initial position and 
orientation of the vessel along with the initial velocities were provided to the simulator in order to start 
calculating. The wind forces and moments were assessed from the relative speed/direction of the vessel 
and the wind. Again the solver used was “ode45”. The propeller RPM and the rudder deflection angle 
from the sea trials were used as inputs in the simulation.  

 

 

Figure 26 Circle Simulation 
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The velocity curves for the 4 DOF can be seen in Figure 26. The simulated data in surge, sway and 
yaw followed accurately enough the sea trials data. A possible explanation for the observed differences 
can be that the values of the vessel particulars were not accurate enough.  

 

 

Figure 27 Sea trials vs simulated velocities in circle simulation 

 

The roll angle was estimated by integrating the roll velocity. The simulated angle follows the same 
pattern with the sea trials angle but there were some magnitude issues as it can be seen in Figure 27. 
Probably the reason behind this can be the same as in the velocities differences.  

 

 

Figure 28 Sea trials versus simulated roll angle in circle simulation 
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The maneuvering circle parameters can be compared in Table 9. As it can be seen the observed 
differences are very similar with the differences at Esso Osaka validation 37Table 7. The most notable 
differences can be found in roll movement and in sway velocity curves.  

 

Table 9 Comparison of sea trials versus simulated circle maneuvering parameters 

Parameter Sea Trials Simulation Difference 
Advance [m] 1021 967 -5.28 % 
Transfer [m] 371 268 -27.76 % 
Tactical Diameter [m] 1221 998 -18.26 % 

 

 

Zig Zag 20° /20° 
Furthermore, a 20° /20° zig zag maneuver was simulated. The same procedure as in the circle was 

applied. The most notable issue in the resulting movement is the shortened distance sailed in the 
simulation compared to the sea trials both for deep waters and for medium depth waters. Probably the 
main reason behind this is the function of the trust coefficient ( )TK f J=  that was used. Due to policy 

reasons this information was not available and it was approximated by a MATLAB script for calculating 
open water propeller characteristic developed at KTH (Kuttenkeuler, 2015). A basic sensitivity analysis 
used to estimate the propeller trust curve fit coefficients but an in depth analysis was out of the scope 
of this Thesis. The coefficients used was the combination which lead to the more accurate results in 
both the zig zag and the circle maneuver.  

 

 

Figure 29 Zig Zag simulation 
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Velocities were not simulated as accurately as in the circle maneuver. The most notable difference is 
in the surge velocity which leads to the shorter distance in the path. The yaw rate was the one which 
was most accurately simulated in both maneuvers circle and zig zag. 

 

 

Figure 30 Sea trials vs simulated velocities in Zig Zag simulation 

 

The roll angle was better simulated in the zig zag than in the circle. The pattern was well modeled 
and the magnitude was really close to the sea trials. 

 

 

Figure 31 Sea trials versus simulated roll angle in Zig Zag simulation 
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Lastly, regarding the maneuvering parameters, it can be seen that the lack of accuracy in the 
simulation of the surge velocity created some problems in the simulation of the zig zag maneuvering 
parameters (Table 10).  

Table 10 Comparison of sea trials versus simulated zig zag maneuvering parameters 

Parameter Sea Trials Simulation Difference 
First overshoot angle [degree] 6.3 -10.0 -258.73 % 
Second overshoot angle [degree] 7.7 5.9 -23.37 % 
Maximum Lateral deviation First Turn [m] 425.4 375.3 -11.77 % 
Advance at maximum lateral deviation First Turn [m] 1200.3 1001.5 -16.56 % 
Maximum Lateral deviation Second Turn [m] 999.0 574.4 -42.50 % 
Advance at maximum lateral deviation Second Turn [m] 1952.5 1369.8 -30.15 % 

 

 

6.2. System Identification 
 

The SI procedure requires the model structure which is described in Equation 17. While these linear 
equations seem relative easy to obtain from the raw data provided by NYK there were some issues. As it 
can be seen in the Figure 31 the output vectorY , labeled green, was heavily depended on the vessel 
particulars mass of the system, position of CG, propeller thrust and moments of inertia. As a 
consequence, since some of those parameters cannot be accurately known, the SI procedure was not 
able to be applied.  

 

 

 

Figure 32 SI Model Structure 

 

To overcome the above issue, simulated data were used. The propeller RPM, rudder deflection 
angle and the wind velocity/direction from the training data set were used as input in the maneuvering 
model. Those “simulated” data then were used in the SI procedure in order to identify the maneuvering 
coefficients. The big advantage of this procedure is that the values of the parameters for identifications 
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were exactly known. In Figure 32 it can be seen that the constructed signal A X⋅  (which is labeled as 
“Simulation” in the figure) was identical with the signal created by the model (which is labeled as “True 
Signal”). It should be noted that in surge signal there was a small deviation and that was due to the term

(0)X . As it had been previously mentioned this term is usually modeled as quadratic drag

(0) u uX X u u= ⋅ , but in the maneuvering model a constant value was used instead (no 

regressor/constant term). 

 

 

Figure 33 Simulated over "True" signal in SI 

 

Every degree of freedom (movement) was identified separately, like it was decoupled from the 
others, and if a parameter was included in another degree of freedom its value was fed into the SI 
procedure for the new movement. The parameters which are common in different DOF should be 
estimated at the movement which had the biggest influence in order the estimation to be as accurate as 
possible. The correlation of the regressor was also examined. If two regressors were correlated then one 
of them was selected arbitrary and its value was fed to the SI procedure. The limits for each parameter 
value were set to half and double the value of the semi-empirical equation. 

The above described procedure was used in “Patternsearch” and “Fmincon” algorithms. In “Elastic 
Net” it was not possible to feed any value or limit in the algorithm. 

As it can be seen in Figure 33 “Patternsearch” produces better results than “Fmincon” compared to 
the true value of the coefficients. Only parameter uuX  has a difference of 50%. All the other estimates 
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have a maximum difference between the “original” value and the estimated of 0.11%. The problem with 

uuX was probably because of its regressor as it was explained earlier. 

On the other side, “Fmincon” estimated 6 coefficients with a difference greater than 10%. Probably 
this was due to local optimum issues. More iterations would probably solve that problem. The uuX  was 

one of the coefficients which was not estimated accurately.  

 

Figure 34 "Fmincon" and "Pattersearch" Maneuvering coefficient % difference 
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Elastic net method failed to estimate all the roll coefficients. This is due to the nature of the 
algorithm which tries to reduce the complexity of the model and also because of the difficulties to 
model the roll movement. Apart from the Roll movement, it should be noted that the remaining 
parameters which were not accurately estimated were six (6), exactly the same number as for the 
“Fmincon” algorithm (“Fmincon” estimated all Roll coefficients accurately). Another important finding 
was that according to “Elastic net” the added mass in X ( uX  ) had no important effect on the other 

movements (sway and yaw). 

 

 

Figure 35 "Elastic Net" Maneuvering coefficient % difference 
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It should be noted that in Figure 34 above, the y-axis is bounded at 15.46 % in order to improve visibility. 

A complete table with the “original values” and the estimated values can be found in the appendix. 

Finally, the estimation time in minutes for every algorithm can be found in the table below. The 
computer used was an Intel Core i5 M560 at 2.67 Ghz with 4 Gb Ram. 

 

Table 11 Estimation time in minutes for every algorithm 

 Patternsearch Fmincon Elastic net 
Surge 51.68 [min] 6.3 [min] 3.46 [min] 
Sway 633.25 [min] 47.34 [min] 478.60 [min] 
Roll 243.60 [min] 14.35 [min] 10.25 [min] 
Yaw 716.74 [min] 22.45 [min] 126.03 [min] 
Total 1645.27 [min] 90.44 [min] 621.74 [min] 
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7. Conclusions 
 

The semi-empirical coefficients seem to produce reliable results for a simulation model. These 
coefficients have been formulated from regression lines created from older designs data. They are 
heavily depended on the vessel particulars and in order to produce accurate results, an accurate 
knowledge of them is required. The most important issue on the semi empirical coefficients was that 
there were not expression for all the maneuvering coefficients. In literature equations mostly for the 3 
DOF models were found. This limits the capabilities of creating a more detailed model without 
experimental values for these coefficients. Probably in the future CFD may produce some values or 
some limits for the maneuvering coefficients for which no equation now have been defined yet.  

Roll was the most difficult degree of freedom to model. The reasons behind this were firstly that the 
roll is not strongly coupled with sway and yaw. This was also obvious in the “Elastic Net” algorithm in roll 
motion where none of the parameters was estimated. Secondly, for roll motion the zero-frequency 
assumption is not valid. As it was already shown in this thesis, the vessel had a roll frequency of 0.04 
rad/s. The above reasons and the lack of knowledge of vessel particulars values affecting the roll motion 
were responsible for the reduced accuracy in the simulation of roll. 

The environmental conditions such as wind speed, waves and sea currents should not be neglected. 
Even if in theory the sea trials are considered to be conducted in calm seas with relatively low wind 
speeds this cannot be easily achieved in reality. Moreover, the increased size of the vessels and in 
particular the increased area of cargo loaded in container vessels creates a big projected area which is 
heavily influenced by wind speed. Even if it was not included in this thesis, current is known to influence 
heavily the performance of a vessel. In appendix the path of the zig zag simulation without the effect of 
the wind is presented. The simulated vessel deviated in port side for the whole movement. Further 
investigation is required for the estimation of the wind force on a vessel. 

Same as the environmental conditions, the shallow water effect should be an important part of a 
maneuvering model. Especially in the circle test, the maneuvering model based on deep waters 
coefficients had a completely different behavior from the model with the shallow water coefficients. 
Probably this answers to the purpose of this thesis. Usually the delivery sea trials are conducted in deep 
waters. So the behavior of the vessel in shallow waters would deviate from the sea trials leading to 
different opinions between captains. Of course, a lot of research is required in this field, especially using 
operational data. An example is that the depth under keel is rarely, if not never, a constant value. That 
leads to the depth over draught ratio to be a timeseries with no constant value. On the other hand the 
correction factors are nonlinear equations. Further research is required to obtain a methodology on how 
to correct the coefficient for non-constant depth under keel.  

From the SI side, the maneuvering coefficients regressors are in general highly correlated. Of course 
the maneuver under investigation every time influence the correlation the most. The more complicated 
the maneuver is the less correlation should be observed. Nevertheless the correlation cannot be 
completely eliminated. In this thesis the solution used was to select one of the correlated parameters 
and fed it into the SI procedure. The selection was arbitrary. Thus an interesting direction for further 
research is to investigate which parameter is more accurately assessed by the regression line. In the 
Figure 35 from (Inoue, Hirano, & Kijima, 1981) it can be seen that the regression has not the same 
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accuracy for every coefficient and also has not the same accuracy for the same coefficient in the 
complete range of independent parameters. With this knowledge, the selection of the correlated 
parameter to be fed as known would not be arbitrary but the coefficient with the best accuracy could be 
selected. 

 

 

Figure 36 Comparison of the regression line for semi empirical value of maneuvering coefficients (Inoue, Hirano, & Kijima, 1981) 

 

The system also suffers from many local optimums. This can be seen in the figures of the cost 
functions in the appendix. The “Fmincon” algorithm seems to be more prone to that issue. This situation 
can possibly be solved with an increase in the number of iterations of the algorithm changing every time 
the starting point. But there is no guarantee that the point that would be found at the end is a global 
optimum. Perhaps a different cost function could also help overcoming that issue.  

The main outcome from the “Elastic net” algorithm is that not all of the parameters have the same 
influence on the maneuvering model. A lot of parameters, seem to be less important, e.g. the uX  in the 

sway and yaw degree of freedom and rN  and vvvN  in yaw. These parameters may be neglected without 

losing much in accuracy. Of course more research is needed to assess the influence of every parameter 
in the system. Similar research can be found in (Wang, Zou, Yang, & Xu, 2015) where the influence of 
different maneuvering coefficients was examined. The main problem with sensitivity analysis, as it has 
been mentioned before, is that semi-empirical equations are not available for all the maneuvering 
coefficients.  
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Figure 37 Sensitivity Analysis of the Hydrodynamic Coefficients in 4 Degrees of Freedom Ship Manoeuvring Mathematical Model 
(Wang, Zou, Yang, & Xu, 2015) 
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Lastly, as it has been mentioned, many factors affect navigational safety. Environmental conditions, 
vessel waterway geometry and traffic situations are some of them. But the most important element of 
the vessel control is the human controller. As it is shown in Figure 37 a shiphandler’s functions may be 
separated into an estimator, an internal prediction model, and a decision making element. A vessel 
maneuver, especially for a big vessel, is in need to control action from the operator. The best approach 
is to provide a good design and train the operator properly so that he knows the ship’s capabilities and 
will exercise prudence. A maneuvering model such the one used in this thesis could help as an assistant 
in the predicting part of the circle. The more accurate the model the bigger the confidence on its 
predictions. That could also be the first step towards autonomous shipping where a maneuvering model 
could be used as the core for the control system. 

 

 

Figure 38 Man-vessel control loop (Crane, 1983)  

51 
 



References 

 
Abkowitz, M. (1964). Lectures on ship hydrodynamics: steering and maneuvrability. Hydro and 

Aerodynamics labartory Report No 5. 

Abkowitz, M. A. (1980). Measurement of Hydrodynamic Characteristics from Ship Maneuvering Trials by 
Systems Identification. SNAME Transactions . 

ABS. (2006). Guide for vessel maneuverability. Houston: American Bureau of Shipping. 

Blendermann, W. (1994). Parameter Identification ofWind Loads on Ships. Journal ofWind Engineering 
and Industrial Aerodynamics, 339-351. 

Brix, J. (1993). Manoeuvring technical manual. Hamburg, Germany: Seehafen Verlag. 

Clarke, D. (2003). The foundation of steering and Manoeuvring. MCMC, (p. 59). Girona. 

Clarke, D., Gedling, P., & Hine, G. (1982). The Application of maneuvering Criteria in Hull Design Using 
Linear Theory. Proc. of The Royal Institution of Naval Architects, (pp. 45-68). 

Crane Jr., L. C. (1979). Maneuvering Trials of a 278000-DWT Tanker in Shallow and Deep Waters. SNAME 
Transactions, 251-283. 

Crane, C. L. (1983). Navigation in Ship Maneuvering in Channels. Vicksburg, Miss.: Hydraulic Design of 
Deep-Draft Navigation Channels, U.S. Army Corps of Engineers Waterways Experiment Station. 

Do, K., & Pan, J. (2009). Control of Ships and Underwater Vehicles Design for Underactuaated and 
Nonlinear Marine Systems. London: Springer. 

Fossen, T. I. (2011). Handbook of Marine Craft Hydrodynamics and Motion Control. Chichester, West 
Sussex: Wiley. 

Fossen, T. I., & Perez, T. (2004). Marine Systems Simulator (MSS). Retrieved from 
http://www.marinecontrol.org/: http://www.marinecontrol.org 

Hegrenaes, Ø. (2010). Autonomous Navigation for Underwater Vehicles. Trondheim, Norway.: 
Department of Engineering Cybernetics, Norwegian University of Science and Technology. 

Hirano, M., Takashima, J., Moriya, S., & Nakamura, Y. (1985). An experimental study on maneuvering 
hydrodynamic forces in shallow water. TWSNA, 101-110. 

Hooke, R., & Jeeves, A. T. (1961). `` Direct Search'' Solution of Numerical and Statistical Problems. 
Journal of the ACM, 212-229. 

Inoue, S., Hirano, M., & Kijima, K. (1981). Hydrodynamic Derivatives on Ship Maneuvering. International 
Shipbuilding Progress, 28. 

ITTC. (2002). The Specialist Committee on Esso Osaka: Final Report and Recommendations to the 23rd 
ITTC. Proceedings of the 23rd ITTC – Volume II. 

52 
 



Kijima, K., Nakiri, Y., Tsutsui, Y., & Matsunaga, M. (1990). Prediction method of ship manoeuvrability in 
deep and shallow waters. MARSIM & ICSM, 311-318. 

Kuttenkeuler, J. (2015). Propeller Analysis. Stockholm,Sweden: KTH, Royal Institute of Technology. 

Lewandowski, E. M. (2004). The dynamics of marine craft: Maneuvering and Seakeeping. Washigton 
DC,USA: World Scientific Publishing Co. Pte. Ltd. 

Lewis, E. V. (1989). Principles of Naval Architecture Volume III. Jersey City: The Society of Naval 
Architects and Marine Engineers. 

Li, M., & Wu, X. (1990). Simulation calculation and comprehensive assessment on ship maneuverabilities 
in wind, wave, current and shallow water. Journal of hydrodynamics , 59-72. 

Luo, W. (2016). Parameter identifiability of ship manoeuvring modeling using system identification. 
Mathematical Problems in Engineering. 

Luo, W. L., & Zou, Z. J. (2009). Parametric identification of ship maneuvering models by using support 
vector machines. Journal of Ship Research 53, 19-30. 

Luo, W. L., Guedes Soares, C., & Zou, Z. J. (2016). Parameter identification of ship maneuvering model 
based on support vector machines and particle swarm optimization. Journal of Offshore 
Mechanics and Arctic Engineering. 

Martin, M., Sheldon, E., Kass, S., Mead, A., Jones, S., & Breaux, R. (1998). Using a Virtual Environment to 
Elicit Shiphandling Knowledge. Interservice/Industry Training, Simulation & Education 
Conference (I/ITSEC).  

MATLAB. (2017). Global Optimization Toolbox User's Guide. Natick: The MathWorks, Inc. 

Molland, A. F. (2008). The Maritime Engineering Reference Book A guide to ship design, construction and 
operation. Elsevier. 

NCSS Statistical Software. (2017, 06 22). Regression analysis in ncss. Retrieved from ncss: 
https://www.ncss.com/software/ncss/regression-analysis-in-ncss/ 

Norrbin, N. H. (1970). Theory and Observation on the Use of a Mathematical Model for Ship 
Maneuvering in Deep and Confined Waters. Proceedings of the 8th Symposium on Naval 
Hydrodynamics. Pasadena. 

Prison, J., Dahlman, J., & Lundh, M. (2013). Ship sense—striving for harmony in ship manoeuvring. WMU 
Journal of Maritime Affairs, 115-127. 

Rawson, K. J., & Tupper, E. C. (2001). Basic Ship Theory Volume 2. Butterworth Heinemann: Elsevier. 

Resolution MSC.137(76). (2002). Standards for Ship Manoeuvrability. International Maritime 
Organization (IMO). 

Roskam, J. (2001). Airplane flight dynamics and automatic flight controls. Lawrence, Kansas: Design, 
Analysis and Research Corporation (DARcorporation). 

53 
 



Smitt, L. W. (1970). Steering and Maneuvering of Ships - Full Scale and Model Tests. European 
Shipbuilding . 

SNAME. (1950). Nomenclature for Treating the Motion of a Submerged Body Through a Fluid. New York: 
Technical and Research Bulletin No.1-5. 

Tangirala, A. K. (2015). Principles of System identification Theory and Practice. Boca Raton: Taylor & 
Francis Group. 

The manoeuvring committee. (2005). Final Report and Recommendations to the 24th ITTC. Proceedings 
of the 24th ITTC- Volume I (p. 62). ITTC. 

Tibshirani, R. (1996). Regression shrinkage and selection via the lasso. Journal of the Royal Statistical 
Society, 267-288. 

Trankle, T. L. (1985). Identification of Ship Steering Dynamics Using Inertial Sensors. Seventh IFAC 
symposium on Identification and Parameter Estimation. New York. 

Tsakonas, S. (1959). Effect of Appendage and Hull Form on the Hydrodynamic Coefficients of Surface 
Ships. Davidson Laboratory Report 740. 

Vantorre, M. (2001). Manoeuvring coefficients for a container carrier in swallow water:An evaluation of 
semi-empirical formulae. 23rd ITTC Manoeuvring Committee. 

Volker, B. (2012). Practical Ship Hydrodynamics. Waltham: Elsevier Ltd. 

Wang, X.-g., Zou, Z.-j., Yang, Z.-l., & Xu, F. (2015). Sensitivity analysis of the hydrodynamic coefficients in 
4 degrees of freedom ship manoeuvring mathematical model. Journal of Shanghai Jiaotong 
University, 584-590. 

Wikipedia. (2017, 01 05). ECEF ENU Longitude Latitude relationships. Retrieved from Wikipedis 
Commons: 
https://commons.wikimedia.org/wiki/File:ECEF_ENU_Longitude_Latitude_relationships.svg 

Wikipedia. (2017, 1 05). World Geodetic System. Retrieved from Wikipedia-The Free Encyclopedia: 
https://en.wikipedia.org/wiki/World_Geodetic_System 

Yasukawa, Η., & Yoshimura, Υ. (2015). Introduction of MMG standard method for ship maneuvering 
predictions. Journal of Marine Science and Technology, 37–52. 

Zachrisson, D. (2011). Master Thesis: Manoeuvrability model for a Pure Car and Truck Carrier. 
Stockholm: KTH Centre for Naval Architecture. 

Zou, H., & Hastie, T. (2005). Regularization and variable selection via the elastic net. Journal of the Royal 
Statistical Society: Series B (Statistical Methodology), 301-320. 

 

  

54 
 



Appendixes 
 

A. Maneuvering Coefficients semi empirical formulas for deep waters 
 

Added Masses: 
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The k (effective hull aspect ratio) can be approximated as  

 

 2 dk
L

=  (38) 

 

At the low speeds (Fn < 0.25) where the influence of wave making may be neglected and to which 
the current approaches are strictly limited, it was shown by (Tsakonas, 1959)that the free water surface 
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serves as a ground board for the ship's hull, hence, the effective aspect ratio of the hull may be taken as 
2d/ L.  

 

Mass Moment of Inertia  
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Hull Derivatives: 
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Yaw 
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Propeller Derivatives: 
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Rudder Derivatives: 
 

 (1 ) sinR R NX t F δ′ ′= − −  (67) 

 

 (1 ) cosR H NY Fα δ′ ′= − +  (68) 

 

 ( ) cosR R H H Nx x Fα δ′ ′ ′ ′Ν = − +  (69) 

 

 (1 ) 0.28 0.55R Bt C− = +  (70) 

 

Where Hα  and Hx  will be assessed from the below graphs  
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Figure 39 Interaction coefficients regression lines 
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B. Shallow water maneuvering coefficients correction 
 

In (Kijima, Nakiri, Tsutsui, & Matsunaga, 1990) proposed correction equations for shallow water 
conditions 
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where D represents the maneuvering coefficient and h the depth of the water. 

 

 

' '1

1

0.40

r shallow r deepn

B

dY Y
hd

h
C Bn

d

 
 
 = − ⋅
  −  
  

=

 (87) 

 

 

' '1

1

0.425

vshallow vdeepn

B

dN N
hd

h
C Bn

d

 
 
 = − ⋅
  −  
  

=

 (88) 

 

 
' '1

1

7.14 1.5

r shallow r deepn
dN N
hd

h
n k

 
 
 = − ⋅
  −  
  

= − ⋅ +

 (89) 

 

62 
 



 

2 3
' '

1 2 3

1

2

3

1

91 25

515 144

508 143

vvr shallow vvr deep

B

B

B

d d dN a a a N
h h h

da C
B

da C
B

da C
B

    = + + + ⋅         

= ⋅ −

= − ⋅ +

= ⋅ −

 (90) 

 

 

2 3
' '

1 2 3

1

2

3

1

40 88

295 645

312 678

vrr shallow vrr deep

B

B

B

d d dN a a a N
h h h

da C
B

da C
B

da C
B

    = + + + ⋅         

= ⋅ −

= − ⋅ +

= ⋅ −

 (91) 

 

The added masses correction can be found in (Li & Wu, 1990) 
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C. Esso Osaka particulars 
 

Table 12 Esso Osaka particulars 

 Particular Value 
1 Displacement [Metric tons] 319400 
2 Lpp [m] 325 
3 Beam [m] 53 
4 Depth [m] 28.3 
5 LCG [m] wrt the keel aft part 172.8 
6 TCG [m] wrt the keel aft part 0 
7 VCG [m] wrt the keel aft part 15.13 
8 Water density [kg/m^3] 1025 
9 Mass moment of inertia X 1.81989E+11 

10 Mass moment of inertia Y 2.09243E+12 
11 Mass moment of inertia Z 2.31448E+12 
12 Control speed [m/s] 3.601 
13 Block Coefficient  0.831 
14 Draught [m] 21.73 
15 Metacentric Height [m] 6.826 
16 Propeller Diameter [m] 9.1 
17 Rudder span [m] 13.85 
18 Propeller Geometrical Pitch [m] 6.507 
19 Rudder effective aspect ratio [m] 9 
20 Rudder area [m^2] 119.817 
21 Wetted Area [m^2] 27671 
22 Drag Force at control speed [N] 356078.19 
23 Non-dimensional xcoord of the center of lateral force -0.476 
24 Equivalent linear damping coefficient 0.045 
25 CG position wrt CO [10.3 , 0 , 0.98] 
26 Non-dimensional xcoord of the center of lateral force -0.5 
27 Rudder deflection rate [rad/s] 0.05 
28 Propeller Trust curve fit coefficients [a,b,c] [-0.1395, -0.3376, 0.3488]] 
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D. Maneuvering Tests Definitions 
 

Circle 

 

Figure 40 Turning Circle Test (Molland, 2008) 

 

Zig Zag  

 

Figure 41 10/10 Zig-zag Maneuver Test (ABS, 2006)  
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E. Simulation 
 

A zig zag simulation without the wind load taken into consideration. The simulated vessel (blue solid 
line) deviates constantly compared to the true data from the sea trials (red dash line). 

 

 

Figure 42 Zig Zag simulation without the effect of the wind load 
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F. System Identification 
 

Table 13 Maneuvering Coefficients per degree of freedom 

Surge Sway Roll Yaw 
1 '

uX   1 '
vY  1 '

vK   1 '
vN   

2 '
uuX  2 '

rY  2 '
pK   2 ' ' '

r g rN x Y− +   

3 ' '
vr vX Y−   3 '

vY  3 '
pK  3 '

vN  

4 '
rudX  4 '

r
Y  4 'Kϕ  4 '

r
N  

  5 '
vvv

Y  5 '
vY  5 '

vvv
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  6 '
vvr

Y  6 '
r

Y  6 '
vvr

N  

  7 '
vrr

Y  7 '
vvv

Y  7 '
vrr

N  

  8 '
rrrY  8 '

vvr
Y  8 '

rrrN  

  9 '
rudY  9 '

vrr
Y  9 '

rudN  

  10 '
p

Y


 10 '
rrrY  10 '

p
Y


 

  11 '
u

X


 11 '
rudY  11 '

u
X


 

    12 '
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Table 14 Parameter regressor per degree of freedom 

Surge Sway Roll Yaw 
1 u′  1 v′  1 v′−   1 v′−   

2 2u′  2 r′−   2 p′  2 r′−   

3 v r′ ′  3 v′  3 p′  3 v′  

4 sinFN δ  4 r′  4 ϕ  4 r′  

  5 3v′  5 CT v′− ⋅  5 3v′  

  6 2v r′ ′  6 CT r′− ⋅  6 2v r′ ′  

  7 2v r′ ′  7 3CT v′− ⋅  7 2v r′ ′  

  8 3r′  8 2CT v r′ ′− ⋅  8 3r′  
  9 cosFN δ  9 2CT v r′ ′− ⋅  9 cosFN δ  
  10 p′−   10 3CT r′− ⋅  10 '

gp x′− ⋅  

  11 u r′ ′  11 2 cosRud CG FN
L

δ− ⋅  
11 '

gx u r′ ′⋅  

    12 0.25 u r′ ′− ⋅    
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2Rud CG  : Vertical distance from rudder center of gravity to the vessel center of gravity 

CT  : 2
dKG

L

−
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Figure 43 Simulated over "Original" signal in SI  
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Figure 44Simulated surge over "Original" surge signal in SI zoom in  
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Correlation Coefficients 
For every degree of freedom the regressors were examined for correlation with the MATLAB function 
“corrcoef”. Also the p-values of the correlation were examined. In the below tables the results of the 
correlation can be seen. In the lower part of the diagonal there are the coefficients of the regressors 
prior any transformation while in the upper part of the diagonal there are the regressors after the 
“difference method” and the “adding signal method” applied. Correlation coefficients with value greater 
than 0.65 (which was selected as limit) were marked with red color. 

 

Table 15 Correlation coefficients for Surge velocity 

  Xu_dot Xuu (X_vr-Y_vdot) X_rud 
Xu_dot 1.00 0.02 0.03 -0.86 

Xuu -0.24 1.00 0.01 -0.02 
(X_vr-Y_vdot) 0.39 0.00 1.00 0.03 

X_rud -0.74 0.19 -0.43 1.00 
 

Table 16 Correlation coefficients for Sway velocity 

 Y_vdot Y_rdot Y_v Y_r Y_vvv Y_vvr Y_vrr Y_rrr Y_rud Y_pdot 
Y_vdot 1.00 0.23 -0.02 -0.29 -0.07 -0.27 -0.19 -0.03 -0.31 -0.36 
Y_rdot 0.25 1.00 -0.13 0.02 -0.01 0.02 0.01 -0.06 -0.98 0.57 

Y_v -0.07 -0.07 1.00 -0.32 0.62 -0.01 0.08 -0.09 0.12 -0.04 
Y_r -0.11 0.05 -0.31 1.00 0.00 0.41 -0.49 0.52 0.12 0.23 

Y_vvv -0.19 -0.02 0.76 -0.06 1.00 0.13 -0.07 0.00 0.03 0.09 
Y_vvr -0.08 -0.03 -0.34 0.38 -0.30 1.00 -0.18 0.07 0.06 0.24 
Y_vrr -0.09 -0.03 0.33 -0.88 0.08 -0.37 1.00 -0.61 -0.09 -0.14 
Y_rrr 0.02 0.04 -0.14 0.89 0.01 0.18 -0.87 1.00 0.14 0.10 
Y_rud -0.26 -0.48 -0.07 0.81 0.10 0.29 -0.71 0.73 1.00 -0.46 

Y_pdot -0.20 -0.15 0.04 -0.03 0.09 0.01 0.04 -0.02 0.10 1.00 
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Table 17 Correlation coefficients for Roll rate 

 K_vdot K_pdot K_p K_fi Y_v Y_r Y_vvv Y_vvr Y_vrr Y_rrr Y_rud Xu_dot 

K_vdot 1.00 -0.36 0.21 0.36 -0.02 -0.29 -0.07 -0.27 -0.19 -0.03 -0.31 -0.29 

K_pdot -0.20 1.00 -0.08 -0.41 -0.04 0.23 0.09 0.24 -0.14 0.10 -0.46 0.23 

K_p -0.18 -0.04 1.00 -0.03 -0.20 0.17 -0.21 -0.11 -0.22 0.12 -0.35 0.17 

K_fi 0.00 -0.11 -0.01 1.00 -0.22 0.27 0.00 -0.03 -0.30 0.21 -0.17 0.27 

Y_v -0.07 0.04 0.01 -0.54 1.00 -0.32 0.62 -0.01 0.08 -0.09 0.12 -0.32 

Y_r -0.11 -0.03 0.10 0.92 -0.31 1.00 0.00 0.41 -0.49 0.52 0.12 1.00 

Y_vvv -0.19 0.09 0.00 -0.23 0.76 -0.06 1.00 0.13 -0.07 0.00 0.03 -0.01 

Y_vvr -0.08 0.01 0.12 0.38 -0.34 0.38 -0.30 1.00 -0.18 0.07 0.06 0.41 

Y_vrr -0.09 0.04 -0.09 -0.93 0.33 -0.88 0.08 -0.37 1.00 -0.61 -0.09 -0.49 

Y_rrr 0.02 -0.02 0.05 0.83 -0.14 0.89 0.01 0.18 -0.87 1.00 0.14 0.52 

Y_rud -0.26 0.10 0.22 0.62 -0.07 0.81 0.10 0.29 -0.71 0.73 1.00 0.12 

Xu_dot -0.11 -0.03 0.10 0.92 -0.31 1.00 -0.06 0.37 -0.88 0.89 0.81 1.00 
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Table 18 Correlation coefficients for Yaw rate 

 N_vdo
t 

(-N_rdot+ 
xg*Y_rdot) N_v N_r N_vv

v N_vvr N_vrr N_rrr N_rud Y_pdo
t 

X_udo
t 

N_vdot 1.00 -0.23 0.02 0.29 0.07 0.27 0.19 0.03 0.31 0.36 0.29 

(-N_rdot+ 
xg*Y_rdot) -0.25 1.00 -0.13 0.02 -0.01 0.02 0.01 -0.06 -0.98 0.57 0.02 

N_v 0.07 -0.07 1.00 -0.32 0.62 -0.01 0.08 -0.09 0.12 -0.04 -0.32 

N_r 0.11 0.05 -0.31 1.00 0.00 0.41 -0.49 0.52 0.12 0.23 1.00 

N_vvv 0.19 -0.02 0.76 -0.06 1.00 0.13 -0.07 0.00 0.03 0.09 -0.01 

N_vvr 0.08 -0.03 -0.34 0.38 -0.30 1.00 -0.18 0.07 0.06 0.24 0.41 

N_vrr 0.09 -0.03 0.33 -0.88 0.08 -0.37 1.00 -0.61 -0.09 -0.14 -0.49 

N_rrr -0.02 0.04 -0.14 0.89 0.01 0.18 -0.87 1.00 0.14 0.10 0.52 

N_rud 0.26 -0.48 -0.07 0.81 0.10 0.29 -0.71 0.73 1.00 -0.46 0.12 

Y_pdot 0.20 -0.15 0.04 -0.03 0.09 0.01 0.04 -0.02 0.10 1.00 0.23 

X_udot 0.11 0.05 -0.31 1.00 -0.06 0.37 -0.88 0.89 0.81 -0.03 1.00 
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Surge 
 

Patternsearch 
 

 

Figure 45 Cost function percent differences of Surge from patternsearch algorithm 
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Figure 46 Surge signal estimation versus simulated from Patternsearch algorithm 
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Fmincon 
 

 

Figure 47 Cost functionpercent differences of Surge from Fmincon algorithm 
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Figure 48 Surge signal estimation versus simulated from Fmincon algorithm 
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Elastic net 
 

 

Figure 49 Surge signal cross-validated MSE from Elastic net algorithm 
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Figure 50 Surge signal estimation versus simulated from Elastic net algorithm 
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Sway 
 

Patternsearch 
 

 

Figure 51 Cost function percent differences of Sway from Patternsearch algorithm 
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Figure 52 Sway signal estimation versus simulated from Patternsearch algorithm 
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Fmincon 
 

 

Figure 53 Cost function percent differences of Sway from Fmincon algorithm 
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Figure 54 Sway signal estimation versus simulated from Fmincon algorithm 
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Elastic net 
 

 

Figure 55 Sway signal cross-validated MSE from Elastic net algorithm 
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Figure 56 Sway signal estimation versus simulated from Elastic net algorithm 
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Roll 
 

Patternsearch 
 

 

Figure 57 Cost function percent differences of Roll from Patternsearch algorithm 
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Figure 58 Roll signal estimation versus simulated from Patternsearch algorithm 
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Fmincon 
 

 

Figure 59 Cost function percent differences of Roll from Fmincon algorithm 
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Figure 60 Roll signal estimation versus simulated from Fmincon algorithm 
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Elastic net 
 

 

Figure 61 Roll signal cross-validated MSE from Elastic net algorithm 
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Figure 62 Roll signal estimation versus simulated from Elastic net algorithm 
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Yaw 
 

Patternsearch 
 

 

Figure 63 Cost function percent differences of Yaw from Patternsearch algorithm 
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Figure 64 Yaw signal estimation versus simulated from Patternsearch algorithm 

93 
 



Fmincon 
 

 

Figure 65 Cost function percent differences of Yaw from Fmincon algorithm 
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Figure 66 Yaw signal estimation versus simulated from Fmincon algorithm 
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Elastic net 
 

 

Figure 67 Yaw signal cross-validated MSE from Elastic net algorithm 
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Figure 68 Yaw signal estimation versus simulated from Elastic net algorithm 
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Table 19 Maneuvering coefficients estimates comparison 

Maneuver 
Coefficient 

Original 
Value PatternSearch % Diff Elastic Net % Diff Fmincon % Diff 

Xu_dot -0.010087715 -0.010086906 -0.00802 -0.00996873 -1.17946 -0.010116758 0.287906815 
Xuu -0.007115651 -0.003557854 -49.9996 0 -100 -0.008715008 22.47659491 
(X_vr-Y_vdot) 0.037783014 0.037779348 -0.0097 0.037270135 -1.35743 0.038441912 1.74389965 
X_rud -0.72892 -0.72892 0 -0.72837532 -0.07472 -0.72892 0 
Y_vdot -0.290828106 -0.290846498 0.006324 -0.29079143 -0.01261 -0.290827563 -0.000186385 
Y_rdot -0.008070039 -0.008067108 -0.03631 -0.00792205 -1.83379 -0.008070045 7.54069E-05 
Y_v -0.35098699 -0.350713562 -0.0779 -0.35144415 0.130249 -0.350994543 0.002151866 
Y_r 0.091748747 0.091784164 0.038602 0.02030228 -77.8719 0.09174889 0.000156521 
Y_vvv 1.995810592 1.990975761 -0.24225 1.982877722 -0.648 1.996288541 0.023947639 
Y_vvr -7.995242492 -7.997925894 0.033562 -7.96011878 -0.43931 -7.995335791 0.001166932 
Y_vrr -15.45165613 -15.45113673 -0.00336 -15.4476419 -0.02598 -15.45164699 -5.9115E-05 
Y_rrr -0.032834879 -0.032872812 0.115527 -0.03273514 -0.30377 -0.032835814 0.002848509 
Y_rud -0.587323034 -0.587323034 0 -0.58182704 -0.93577 -0.587323034 0 
Y_pdot -0.00711599 -0.007116801 0.011407 -0.00713275 0.235475 -0.007116 0.000144432 
X_udot -0.010087715 -0.010087715 1.23E-06 0.060987187 -704.569 -0.010087715 1.22656E-06 
K_vdot -0.00711599 -0.007116403 0.005815 0 -100 -0.007116407 0.005871009 
K_pdot -7.63E-05 -7.63E-05 -0.01715 0.000762523 -1099.81 -7.63E-05 0.032839088 
K_p -0.017803555 -0.017804279 0.004069 0 -100 -0.017803528 -0.000150086 
K_fi -0.415603396 -0.415595368 -0.00193 -2.26E-05 -99.9946 -0.415605797 0.000577781 
Y_v -0.35098699 -0.35098699 2.86E-08 0 -100 -0.35098699 2.85777E-08 
Y_r 0.091748747 0.091748747 1.74E-07 -0.06949022 -175.74 0.091748747 1.74078E-07 
Y_vvv 1.995810592 1.995810592 1.69E-08 0 -100 1.995810592 1.68603E-08 
Y_vvr -7.995242492 -7.995242492 -5.4E-09 0.023928026 -100.299 -7.995242492 -5.43523E-09 
Y_vrr -15.45165613 -15.45165613 2.28E-08 0 -100 -15.45165613 2.27665E-08 
Y_rrr -0.032834879 -0.032834879 -2E-08 0 -100 -0.032834879 -2.04502E-08 
Y_rud -0.587323034 -0.587323034 0 0 -100 -0.587323034 0 
Xu_dot -0.010087715 -0.010087715 1.23E-06 -0.00430998 -57.2749 -0.010087715 1.22656E-06 
N_vdot -0.002928156 -0.002927795 -0.01235 -0.00306821 4.782961 -0.003549183 21.20878644 
(-N_rdot+xg*Y_rdot) 0.015370821 0.01537084 0.000122 0.01503804 -2.16502 0.015367427 -0.022083569 
N_v -0.123433077 -0.123413791 -0.01562 -0.12079565 -2.13673 -0.118583878 -3.928606214 
N_r -0.056559574 -0.056558921 -0.00115 -0.03348714 -40.7932 -0.055647658 -1.612309094 
N_vvv -0.042584062 -0.042465639 -0.27809 -0.05146132 20.84643 -0.053245297 25.03574002 
N_vvr -1.356695386 -1.357180737 0.035775 -1.3490304 -0.56497 -1.495589701 10.23769348 
N_vrr 0.148333467 0.148439343 0.071377 0.14933016 0.671927 0.178025189 20.01687298 
N_rrr -0.017441556 -0.017439608 -0.01117 -0.01728299 -0.90912 -0.019057209 9.26324289 
N_rud 0.991135206 0.991135206 -1.1E-08 0.978878395 -1.23664 0.991135206 -1.10905E-08 
Y_pdot -0.00371224 -0.00371224 5.53E-06 -0.00366513 -1.26891 -0.00371224 5.52581E-06 
X_udot -0.010087715 -0.010087715 1.23E-06 -1.036963 10179.46 -0.010087715 1.22656E-06 
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