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1 Introduction 

The Budapest University of Technology and Economics, Department of 
Aeronautics, Naval Architecture and Railway Vehicles has extensive experience in 
motion simulation of vehicles. The research activity covers wide range of analysis of 
vehicle motions and control (e.g.: aircraft design [9], pilot’s reaction time 
measurement under pressure [14], aircraft landing technology development [16], 
simulator development [15] , education by simulators [11], etc.) 

On the field of inland navigation the demand for motion simulation is still 
growing because of the growing traffic on European rivers, the need for fuel 
consumption reduction, retrofitting of old vessels, environment protection, the safer 
navigation, etc. This kind of virtual navigation has got a lot of practical opportunities 
which can improve the safety, increase the navigation behaviour of ships, reduce the 
delivery time and extend the crew practical training possibilities. For example, the 
simulation can be useful in these cases: 

• Analysis of different nautical problems 
• Accident investigation 
• Crew training 
• Manoeuvre analysis 
• Port basin design 
• Help the navigation in bad weather conditions 
• Different ship motion demonstrations 
• Ship design 

The motion simulation research of inland vessels started in 2007 at the 
Department with a navigability research of a planned port basin on the Danube [10], 
[5]. Due to the scale effect, a simulation software was developed instead of model 
tests. The research is still going, and the continuously developed software is used for 
navigability analysis of inland vessels [6], [7], effects of ship reconstruction on ship 
manoeuvring behaviour [18], [17], and education [3]. This paper introduces shortly the 
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simulation software and some interesting research results about inland vessel 
manoeuvring behaviour observed by the motion simulation. 

2 Inland vessel motion simulation software 

2.1 The dynamic model of an inland vessel 
The dynamic model is intended to simulate ship manoeuvres by giving the actual 

position and course of the ship on the shipping route due to the real time orders of the 
helmsman taking into consideration the actual environmental – nautical and 
meteorological – conditions also. The dynamic model and software is designed to 
simulate the motion of single screw self-propelled inland vessels in the common 
European ship sizes: length between 70m-140m; breadth between 8m-12m; design 
draft between 1.8m-3.5m; displacement between 1200m3-3700m3  

In case of inland vessels the six degree of freedom motion equations of a floating 
rigid body can be simplified by neglecting some motion types. 

Fig. 1 Six DoF motion of a ship 

 
Source: authors 

Based on the navigation experiences of boatmasters and tests it can be concluded in 
normal operation conditions that 

• the waves of rivers do not have significant effect on the motion. In 3. 
navigation zones of [4] the highest waves with 5% probability are 0.6m 
high, and according to the experiences on Danube the maximum wave 
length is 4-5m. The waves produce only a small excitation on the ship’s 
oscillating system, because of their amplitudes, time period and relative 
small energy content. 

• the draft of ships do not change quickly (heave), since there are 10-30 
waves around the hull and Fn<0.2. Only the squat effect is important, 
since by shallow water the stern draft can be increased by 9-10%. The 
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squat effect is taken into consideration during simulation with the 
minimum 0.4m safety distance between the keel and river bed. 

• the longitudinal metacentric radius of a self-propelled inland vessel (in the 
previously mentioned sizes) is about , because the 

length-breadth ratio is high ( ). This means high longitudinal 

stability, which leads almost zero pitching. 
• during usual operation (low Froude number, normal manoeuvres, intact 

hull and systems) the inland vessels do not heel more than 3°-5°, and 
rolling is almost zero. Higher values appears only if the ship is damaged 
or the crew have to fulfil an emergency manoeuver. 

In the light of these experiences and considerations, the motion of an inland 
vessel can be simplified as a horizontal motion. 

The forces and moments acting on hull can be treated as a resultant force 
(analytic method after Abkowitz [2] or as a force system (synthetic method). The force 
system method fits better to the goals of the simulation software, so the forces are 
divided according the formation. 

Fig. 2 Forces acting on an inland ship 

 
Source: authors 

where  

 XH, YH : Longitudinal and transversal resistance of hull 

 T : Propeller thrust 

 XR, YR : Longitudinal and transversal force on rudder 

 XAA, YAA : Longitudinal and transversal wind resistance 

 YBT : Transversal force of bow thruster 

Based on the simplify considerations and force definitions, the 3 DoF motion 
equations can be written as follows: 
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  (1) 

  

where  

 λ11 : Longitudinal added mass ;  λ22 : Transversal added mass 

 λ66 : Moment of added inertia ;  m : Mass of ship 

 Iz : Inertia of ship 

 

2.2 Structure of simulation software 
For analysis of inland vessel manoeuvring behaviour prediction, a two-

dimensional inland ship manoeuvre simulation program have been prepared at the 
Budapest University of Technology and Economics, Department of Aeronautics, 
Naval Architecture and Railway Vehicles. 

Fig. 3 Structure of 2D inland vessel motion simulation software 

 
Source: authors 

The core of the program is the 2D motion equation system and its solver. 
Because of the difficulty of acting forces functions the analytical solution would be 
impossible. Therefore, the numerical equation solution had been chosen for the 
manoeuvre program. During the development of the program, two numerical methods 
have been used: Fourth-order Runge-Kutta method and Euler method. 

According the experiences, the optimal time step of 3DoF ship motion simulation 
is about 1 second, which is enough small to use the Euler method. Its stability is as 
good as the Runge – Kutta method and the numerical solution error is nearly the same. 
On that score, the Euler procedure had been chosen for the ship simulation but the 
change of methods is easy in the program. 
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For the motion simulation, the accelerations are used. These are computed by a 
numerical procedure in a defined time step (time increment parameter). The ship 
velocity, true bearing and position is calculated in every time step, according to motion 
equations. The external forces and moments are computed in every position, based on 
the actual state of motion (velocity, wind and current condition). Step by step the route 
is computed and the simulation is achieved. 

As control of ship the ship motion can be alter during the simulation by changing 
the load of the bow thruster, modifying the angle of rudder and the main engine load, 
like in a real wheelhouse of a vessel. The control parameters are one part of the 
incoming parameters of the force calculation for the motion equations and can be alter 
between the time steps. 

The simulation can be followed real time on the simulation screen of the 
program, which contains the following elements: 

• The map of the fairway: engineering structures, banks and water surface 
for the manoeuvres. 

• The controllers for the sailing (rudder, engine load, bow thruster) 
• The telltales and starting parameters (position, true bearing, velocities, 

water depth, etc.) 
• The menu for loading the hydro – meteorological parameters. 

The ship is symbolised as a rectangle on the screen. It shows the ship in the scale 
of the map and the rectangle form is nearly the same as a top view of the inland vessel. 
The right (starboard) side is red, the left (port) side of the rectangle is green and the 
two side point of the stern is connected to the ship centre of gravity with lines to show 
the heading. The rectangle is appeared in every time step point and the route of the 
ship’s centre of gravity can be shown at the end of the simulation 

The manoeuvre analysis of the vessel can be made during the course (speed, 
turning speed, etc.) or after the simulation stopped. After the simulation the route can 
be visualise on the screen and the route data (positions, velocities, etc.) are saved in a 
text file. 
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Fig. 4 Simulation screen 

  
Source: authors 

3 Measurement of inland vessel controllability 

Full scale manoeuvring trials are the best for measuring controllability, which 
can be performed during the comprehensive sea trials of a ship. In maritime 
navigation, the different maritime organizations (e.g. IMO, classification societies, 
SNAME, ITTC, national and international standards, etc.) recommend or require 
different full scale manoeuvring trials [8]. 

Although the recommended tests carefully assess the handling capabilities of 
seagoing vessels, in many cases the tests cannot be performed by inland vessels due to 
the restricted fairway or the river current. Moreover the sea trials do not represents in 
controlled conditions the typical inland (river) vessel navigation manoeuvres. 

The European Union regulates in the [4] directive the minimum requirements of 
manoeuvring behaviour of inland vessels. The EU countries give legal force to the 
directive by national laws (e.g. [1] in Hungary), and the conformity of requirements 
have to be proved by different full scale trials. It is mandatory to prove conformity of a 
vessel in the following manoeuvring performances:  

• Minimum forward speed in calm water is 13 km/h. 
• Stopping capacity in downstream sailing: like stopping test of seagoing 

vessels, but the ship have to be able to steer until zero speed to the ground, 
and the max. stopping distance is limited. 
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• Backward speed in calm water have to be at least 6.5 km/h. 
• Capacity for taking evasive action: like zig-zag test of seagoing vessels, 

but instead of four yaw period only one have to be performed. The test 
have to be repeated with four different rudder angle (±20° and ±45°).  

• Turning capacity: Vessels and convoys not exceeding 86 m in length or 
22.90 m in breadth shall be able to turn in good time. That turning 
capacity may be replaced by the stopping capacity. 

The shipyards and owners usually perform other (not mandatory) manoeuvring 
tests to measure the ship’s handling characteristics. For example, the upstream turning 
test with fixed rudder angle and engine load pretends like the ship departs from 
anchor. The test starts from upstream position with zero speed over ground. The 
helmsman sets the rudder and engine load into a given position. The turning time, 
change of heading and swept water surface are measured until the vessel turns 180° 
[e.g.: 13]. 

With the developed simulation software every manoeuver test can be carried out, 
and the dynamic model of a ship can be validated by comparison with measured data. 

Fig. 5 Model validation by measured and simulated taking evasive action of 
DET-1 m.s. 

     
Source: [13] and authors 

4 New test method for course stability measurement of inland vessels 

The measurement of course stability of an inland vessel is not obligatory 
according to the actual regulations [4]. Despite of this it is usual to check the course 
keeping property by a course keeping test. The test starts from rectilinear motion of 
vessel with constant velocity. The helmsman keep the control (load of engine and 
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middle rudder position) fixed. After T=5 minutes the change of course ( )∆Ψ  is 

measured. This simple test gives information about the course stability to the 
helmsman and the boatmaster, but the assessment is very subjective. Therefore a new 
test method and course stability calculation is suggested. The theoretical background is 
the follows, according to [19].  

The course keeping is studied in rectilinear motion of a vessel. The load of 
engine (thrust) is constant, the bow thruster do not work, and the rudder is in middle 
position. This means that there is no bow thruster force and the rudder does not 
produce side force. The ship sails strait with constant speed (V) at the beginning but 
small drift angle (�) can rise because of small external disturbances. For theoretical 
analysis it is assumed that the wind forces are zero and the river stream is longitudinal. 
So the external forces are the hydrodynamic hull forces (analytic method after 
Abkowitz [2]). 

The motion equations are the follows by this rectilinear motion: 

( )
( )
rIN

ruvmY

rvumX

z &

&

&

⋅=
⋅+⋅=
⋅−⋅=

 

(2) 

Where X, Y are the hydrodynamic forces, N is the moment around z axis caused 
by the hydrodynamic forces, and they can be written as function of the motion's speed 
vector (u, v, r). 

In order to linearize the motion equations the X, Y and N have to be reduced to 
useful mathematical form by the Taylor expansion. Because of the slow speed changes 
by course keeping it is a good approximation if the first and second order terms of the 
expansion are taken into consideration. For example the longitudinal forces can be 
written as: 

(3) 

By rectilinear control fixed motion the transversal and angular velocities ( 11, rv ) 

and the accelerations ( 11, rv && ) are 0 at the start of the investigation. The longitudinal 

velocity at the beginning is equal to the velocity of ship ( Vu =1 ). 

Due to the symmetry of hull the transversal hydrodynamic force does not depend 
on the longitudinal velocity and acceleration, and the longitudinal hydrodynamic force 
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does not depend on the transversal and angular velocity and acceleration. So several 
force derivatives should be zero (for details see: [19]).  

In favour of easier writing of motion equations the common ITTC notation can 
be applied by the force derivatives: 

 
(4) 

Using ITTC notation and writing the equations in homogenous partial differential 
form: 

 

 

 

(5) 

In this equation system the dimensions of the different terms are not the same. 
The dimension of the terms in force equations (first and second) are Newton, but in the 
moment equation (third) are Newton meter. Due to the easier mathematical analysis 
the no dimensional form of the equations are required. To normalize the equations this 
the basic ship dimensions are used: L length of ship, V velocity of ship and � density 

of water. The force equations are divided by 22

2
VL ⋅⋅ρ

 and the moment equation is 

divided by 23

2
VL ⋅⋅ρ

. In the normalized equations the dimensionless mass, moment of 

inertia, velocities, accelerations and force derivatives are marked with apostrophe. 

The dimensionless motion equation system is the follows (the '' ; vr NY
&&
 derivatives 

are neglected, because they have very small values by rectilinear motion of common 
surface ships) 
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(6) 

From course keeping point of view the transversal velocity and acceleration and 
the angular velocity and acceleration are important. Moreover it is clear that the 
longitudinal equation is independent from transversal and angular velocity and 
acceleration. Thus the second and third equations are interesting to analyse course 
stability. 
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This equation system is a second-order homogeneous linear partial differential 
equation system with two independent variables (). Stability of the motion 

equation system (course keeping stability) can be investigated by the Routh-Hurwitz 
method [19].  

There are two criteria for certain course stability, which have to be fulfilled at the 
same time. 

1.st criterion:  
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2.nd criterion:  

( )
( ) ( )

( ) ( )[ ]
( ) ( )

2

'''

'''''

'''

''''

'

'

4

1

'

'
0 









−⋅−
−+−−≤

−⋅−
−−≤

rzv

rzvvr

rzv

rvrv

NIYm

NIYYmN

NIYm

mYNNY

&&

&&

&&

 (9) 

The dimensionless derivatives depend on the shape of hull. According to the ship 
design practice the values can be calculated by several approximation method [12], by 
recommendations of classification societies, or by model tests [19]. 

Based on this theoretical analysis, a new test method can be suggested to 
determine the dimensionless derivatives of inland vessels [6]. With the new test 
method the course stability inspection by an inland vessel could be objective. For this 
reason the following course stability test shall be carried out.  

1. The test starts from rectilinear motion of vessel with constant velocity. 
2. The helmsman keep the control (engine load and rudder at zero position) fixed. 
3. 1T time is measured until the ship exceed o3=β drift angle or min5 o=r  

angular velocity. 
4. 2T time is measured until the ship exceed o5=β drift angle and min8 o=r  

angular velocity. 
5. The course change ( )∆Ψ  can be also measured after a given time (e.g. T=5 

min.) 
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Fig. 6 Suggested course keeping test by inland vessels 

 

Source: authors 

Based on the measured data the course stability criteria can be calculated. 

It can be assumed until the ship exceed o3=β drift angle or  angular 

velocity that 0≈⋅ '' vNv  and 0≈⋅ '' rYr . With this assumption the motion equations are: 
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Because the weight (m') and moment of inertia( )'
zI  are given, the added mass ( )'vY
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and added moment of inertia ( )'
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 can be calculated (see before) and taking into 

consideration that 
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When the ship exceed o5=β drift angle and  angular velocity the 

'' vNv ⋅  and '' rYr ⋅  multiplications cannot be neglected. With the assumption that '
vY and 

'
rN  derivatives are the same as before, the '

rY and '
vN  derivatives can be calculated. 
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(12) 

Using this test method and its evaluation, all of the unknown derivatives are 
determined. The course stability criteria in Routh-Hurwitz method can be calculated, 



 

-27- 
I/2016 

and the course keeping stability or instability (and its range) is defined in objective 
way. 

5 Simulation possibilities by inland port design 

In inland navigation the safe reaching or leaving a port basin are such kind of 
navigation tasks, which require appropriate controllability of a vessel. The safety 
depends not only on the ship but on the port design too. The difficulty is based on that 
the ship has to be navigated through the border of two different nautical area in a 
relative narrow channel. In the port basin the ship sails in a wind protected calm water, 
but on the other side of port entrance the vessel is in the river current and wind. Civil 
engineers and nautical experts try to design the port entrance so that the transition 
between the two navigation areas became as small as possible, but in some cases it is 
not possible because of the geographical location. For example a port basin was 
designed on the Danube, but the basin have not been able to plan on an ideal place 
from navigational point of view, because of the legal and geographical circumstances. 

Fig. 7 Location of a planned port basin 

 
Source: [10] 

By reaching or leaving the port difficult navigation conditions could rise due to 
the 

• typical wind conditions: The dominant wind directions in the area are almost 
perpendicular to the port basin entrance. 

• artificial structures in the fairway: 600m far from the port entrance in 
downstream direction are the pillars of a road bridge. 
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• fairway location and water depth: The official fairway is on the left bank (in 
front of the port entrance), because the water depth on the right bank is very 
shallow. 

• river curve and stream: The port entrance is planned in the middle of the river 
curve, at the outer arc of the curve. Because of this the mainstream (highest 
water speed) of the river is in front of the port entrance. 

The question of safe navigation was answered by navigation simulation in case 
of the mentioned example, because model tests would not be accurate due to the scale 
effect [10].  

Based on the results of the research it can be stated generally that by an inland 
port having difficult navigation conditions 

• all of the possible port reaching and leaving manoeuvres should be tested by 
simulations 

• the most adverse dominant wind direction and speed should be simulated 
• the tests should be fulfilled by river stream of lowest, medium and highest 

navigable water level, because significant water speed and water depth 
differences can appear 

• port navigation manual should be prepared with the most safe and unsafe 
navigation manoeuvres, advises for navigation (max. and min. speed, safe 
distances from banks and port entrance, optimal starting points of 
manoeuvres, etc.) 

The difficult inland port navigation simulation can also be helpful to define such 
manoeuvring behaviour of a ship, which would be too risky for a full scale trial. For 
example the mentioned port navigability research figured out that more than 50% 
difference of manoeuvring characteristics could be between the full and ballast load 
conditions by a 85m long, 11m wide usual general cargo vessel. 
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Resume 

The computer simulation of inland vessel manoeuvring has got a lot of practical 
opportunities which can improve the safety, increase the navigation behaviour of 
ships, reduce the delivery time and extend the crew practical training possibilities. 
This paper concludes that a 3 DoF dynamic model based simulation software can be 
enough accurate for manoeuvring behaviour prediction of an inland ship. The 
simulation program allows to specify the regulatory compliance of a vessel during the 
design stage, and based on the ship control theory a new test method can be suggested 
for full scale trials. The paper introduce that the motion simulation of an inland vessel 
is also helpful in inland port design, where the navigation difficulties can be predicted 
and port layout changes can be suggested for the safety. 
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