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ABSTRACT

Among various approaches, the Fossen model has
gained significant popularity due to its comprehensive
representation of nonlinear hydrodynamic forces, sta-
bility, and modular structure. This paper compares dif-
ferent simulation models using a one-degree-of-freedom
(1-DOF) system, demonstrating the benefits of the Fos-
sen model over conventional mass-spring-damper-based
approaches. By incorporating added mass, nonlinear
damping, and restoring forces, the Fossen model pro-
vides a more accurate representation of marine dynam-
ics. Additionally, its difference equation formulation
ensures efficient computation while preserving stability,
making it suitable for both real-time applications and
high-fidelity simulations. The study highlights the im-
pact of different numerical integration techniques and
simulation environments, providing a foundation for
extending the analysis to multi-degree-of-freedom sys-
tems.

INTRODUCTION

A system model describes the relationship between
input and output variables, typically using differential
equations [1], state-space representations or transfer
functions. Dynamic models can be represented in both
continuous and discrete time domains [2], making them
essential for analyzing and designing control systems
[3].

One of the most widely recognized dynamic models
in marine vehicle dynamics and control is the Fossen
model, which has been a standard since the 1990s. Its
foundation was laid by Thor I. Fossen in his Ph.D. dis-
sertation (1991) and later formalized with the publica-
tion of Guidance and Control of Ocean Vehicles (1994)
[4]. This work established a systematic mathemati-
cal framework for modeling marine craft, integrating
hydrodynamic forces, control strategies, and nonlinear
dynamics.

Throughout the late 1990s and 2000s, the model
gained widespread adoption for various marine appli-
cations, including Autonomous Underwater Vehicles
(AUVs) [5], Remotely Operated Vehicles (ROVs), and

ships. Significant contributions from the Marine Cy-
bernetics Group at NTNU further enhanced its appli-
cability. The release of Fossen’s second book, Handbook
of Marine Craft Hydrodynamics and Motion Control
(2011) [6], introduced refined modeling techniques and
advanced control strategies, reinforcing its status as a
benchmark in the field.

The success of the Fossen model is attributed to
its modularity, compatibility with modern control sys-
tems, and extensive real-world validation. Its influence
extends beyond academia, as it has been integrated
into widely used simulation platforms such as Matlab
(Marine Systems Simulator) [7], Simulink, and Python-
based simulation frameworks. Today, it remains an
industry and research standard in dynamic modeling,
simulation, and control of marine vehicles [8], [9], [10].

The Fossen model for six degrees of freedom (6-DOF)
is formulated mathematically as:

M(η)v̇ +C(v,η)v +D(v)v + g(η) = τ , (1)

where M(η) is the inertia and added mass matrix,
C(v,η) is the Coriolis and centripetal matrix, D(v) is
the damping matrix, g(η) is the vector of hydrostatic
forces and moments, and τ represents the control input.
Vectors v and η denote velocity and position/orienta-
tion in the body-fixed and inertial frames, respectively.
A one-degree-of-freedom (1-DOF) dynamic model,

such as a mass-spring-damper system, provides a sim-
plified way to introduce the main principles of marine
system dynamics modeling. This approach makes it
easier to understand how hydrodynamic forces, damp-
ing, and environmental interactions are represented in
the Fossen model before moving to the full six-degree-
of-freedom (6-DOF) system.

Using a 1-DOF model allows for the step-by-step
examination of the effects of mass and added mass
(influence of inertia), hydrodynamic forces (linear and
nonlinear damping), restoring forces and stability (e.g.,
restoring moments), external forces (e.g., control forces,
waves, and ocean currents) [11]. Modeling a 1-DOF
system enables validation and testing of the equations
of motion under controlled conditions [12], [13]. It gives
comparison of simulation results with analytical solu-
tions or experimental data, helping to understand both
the limitations and benefits of the Fossen model. This
structured approach helps clarify dynamic mechanisms
before introducing more complex interactions.

Anwendungen und Konzepte der Wirtschaftsinformatik (ISSN: 2296-4592) http://akwi.hswlu.ch Nr. 22 (2026) Seite 92



Many control algorithms (e.g., PID, LQR, MPC) are
first tested on 1-DOF models before being implemented
in full-scale systems. This approach allows for a better
understanding of vehicle dynamics and facilitates the
identification of the main parameters, such as hydro-
dynamic damping and the influence of control forces.

Once the principles of the Fossen model are ex-
plained using a 1-DOF system, it becomes logical to
extend the discussion to the full 6-DOF model, where
all forces and moments act simultaneously. This hierar-
chical presentation prevents misunderstandings caused
by overly complex mathematical dependencies in the
initial learning phase.

This paper focuses on comparing different modeling
techniques applied to a one-degree-of-freedom mass-
spring-damper (MSD) system.

1-DOF SYSTEM SIMULATION

A second-order differential equation describes the dy-
namics of a MSD model in a 1-DOF, which can be pre-
sented as in Fig. 1.

Fig. 1. Mass-spring-damper (MSD) single degree of freedom
system

The equation of motion for a 1-DOF in a single di-
rection is given by the equation (2):

(m+ma)ẍ+ bẋ+ cx = Fext(t) (2)

where:
m – mass of the floating body [kg],
ma – added mass due to hydrodynamic effects [kg],
ẍ – acceleration [m/s2],
ẋ – velocity [m/s],
x – displacement [m],
b – hydrodynamic damping coefficient [Ns/m],
c – hydrostatic restoring coefficient (depends on buoy-

ancy and gravity) [N/m],
Fext(t) – external forces acting on the body, e.g., wave
excitation force [N ].

When a marine vehicle is analysed, the mass term
(m + ma) accounts for the system’s inertia, including
the added mass effect from the surrounding water. The
damping term bẋ represents the hydrodynamic resis-
tance to motion, which can be linear or nonlinear. The
restoring force cx arises due to buoyancy and gravity
effects, bringing the system back to equilibrium. Ad-
ditionally, the external force Fext(t) represents distur-
bances such as wave forces or control inputs. Depend-

ing on the chosen reference frame, the motion can occur
in either the horizontal or vertical direction. Solving
this equation provides the system’s response in terms
of displacement x(t) under external forces F (t).

I. Methods of Modeling

A. Block diagram in simulink

The equation (2) can be used to build the block dia-
gram as presented in Fig. 2. For that reason, the equa-
tion (2) can be modified as presented in the equation
(3). The initial values for displacement and velocity are
defined as v0 and x0.

ẍ =
Fext(t)− bẋ− cx

m+ma
(3)

Fig. 2. Simulation model with 1-DOF designed in Matlab-
Simulink as a block diagram

The equation (3) can be directly defined in the func-
tion block and added to the block diagram as presented
in Fig. 3. The significant difference is the lack of initial
position and speed values, while the constant values are
defined in separate blocks.

Fig. 3. Simulation model with 1-DOF designed in Matlab-
Simulink as a block diagram with build in function

Also, if we assume that the initial conditions for the
linear model are equal to zero, the transmittance can be
used. The transmittance can be represented as equa-
tion (4):

G(s) =
1

ms2 + cs+ k
(4)

It can be implemented in Simulink model with us-
ing the Transfer Function block (see Fig. 4). In all
the above models, different ODE solvers can be used
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Fig. 4. Simulation model with 1-DOF designed in Matlab-
Simulink with transmittance function

(see Fig. 4). Solvers available in Matlab-Simulink can
be categorized into variable-step and fixed-step meth-
ods. Variable-step solvers, such as ode45 (Dormand-
Prince method), ode15s (stiff solver), and ode23 (low-
order method), dynamically adjust the step size to bal-
ance accuracy and computational efficiency. Fixed-step
solvers, such as ode4 (Runge-Kutta 4th order), ode1
(Euler method), and FixedStepDiscrete, are useful
for real-time applications and discrete-time systems.
The choice of solver depends on system stiffness, accu-
racy requirements, and computational constraints. An-
other way of modelling the dynamic model is through
direct definitions of differential or difference equations
in Matlab script as presented in the next paragraphs.

B. Modeling with Ordinary Differential Equations
(ODE)

ODE-based modeling involves converting the second-
order differential equation into a system of first-order
equations:

x1 = x, (5)

x2 = ẋ, (6)

ẋ1 = x2, (7)

ẋ2 =
−kx1 − cx2

m
. (8)

This system can be solved numerically using ode45

function, with using MATLAB code for ODE-based
modeling:

1 % System parameters
2 m = 1 . 0 ; k = 10 ; b = 1 ;
3 % I n i t i a l c ond i t i on s
4 x0 = 10 ; v0 = 1 ;
5 % Time span
6 t0 = 0 ; t f = 10 ;
7 % ODE func t i on
8 odefun = @( t , x ) [ x (2 ) ; (−k ∗ x (1 ) − b ∗ x (2 ) )

/ m] ;
9 % Solve the system

10 [T, X] = ode45 ( odefun , [ t0 , t f ] , [ x0 , v0 ] ) ;

This method provides an accurate continuous-time
solution but requires computational resources for nu-
merical integration.

C. Modeling with Difference Equations

A discrete-time approximation using difference equa-
tions is effective for numerical simulations. The system
is discretized using:

ak =
−kxk − bvk

m
, (9)

vk+1 = vk + ak ·Δt, (10)

xk+1 = xk + vk+1 ·Δt. (11)

The MATLAB code for difference equation-based mod-
eling implementation is:

1 % Time d i s c r e t i z a t i o n
2 dt = 0 . 0 5 ; t = t0 : dt : t f ;
3 % I n i t i a l i z e s t a t e v a r i a b l e s
4 x = ze ro s ( s i z e ( t ) ) ; v = ze ro s ( s i z e ( t ) ) ; a =

ze ro s ( s i z e ( t ) ) ;
5 % I n i t i a l c ond i t i on s
6 x (1 ) = x0 ; v (1 ) = v0 ;
7 % Discre te−time s imu la t i on
8 f o r i = 1 : l ength ( t )−1
9 a ( i ) = (−k ∗ x ( i ) − b ∗ v ( i ) ) / m;

10 v ( i +1) = v( i ) + a ( i ) ∗ dt ;
11 x ( i +1) = x( i ) + v ( i +1) ∗ dt ;
12 end

The discrete method is computationally efficient but
introduces numerical errors due to discretization and
requires careful parameter tuning. The choice of Δt
directly affects the simulation’s numerical stability and
resolution. A significant time step may cause numer-
ical instability and loss of detail in the system’s dy-
namic response. Small time step improves accuracy
but increases computation time and may be infeasible
for real-time applications. As a practical guideline, one
often starts with a medium time step (e.g., 0.01 s) and
performs sensitivity analyses to examine the trade-off
between accuracy and computational cost.

The Fossen model describes both low-frequency ship
motions (e.g., surge, sway, yaw) and potentially higher-
frequency phenomena (e.g., wave-induced vibrations).
To capture all relevant frequencies:

Δt ≤ 1

10 fmax
, (12)

where fmax is the highest frequency of interest. Longer
time steps can disregard certain fast dynamics, whereas
overly short time steps can be computationally expen-
sive.

RESULTS OF SIMULATIONS

The results of the simulations using different model-
ing methods provide insights into the accuracy, compu-
tational efficiency, and applicability of each approach.
The ODE-based method, implemented with MAT-
LAB’s ode45, offers high accuracy and smooth solu-
tions but requires greater computational resources due
to its adaptive time-stepping mechanism. In Fig. 5 the
results of acceleration, velocity and displacement are
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presented, while in Fig. 6 the comparison of solvers
(ode45, ode23, ode115, ode23s) are presented for the
maximal value of each acceleration, velocity and dis-
placement. It can be shown that value are similar, and
adequate enough for dynamic simulation and analysis.
Simulation provided in all presented methods gives al-
most the same results, but the time calculation and
complexity of formulation varies. The discrete-time
difference equation method is computationally efficient
and straightforward to implement, making it suitable
for real-time applications; however, it introduces dis-
cretization errors that must be carefully managed to
maintain numerical stability. Simulations in MATLAB
Simulink allow for a graphical block-based approach,
offering flexibility in integrating various solver settings,
control strategies, and real-time execution scenarios.
The choice of method depends on the application: high-
precision simulations favor ODE solvers, whereas real-
time implementations benefit from discrete-time formu-
lations.

Fig. 5. Acceleration, velocity and displacement as a function in
time

Fig. 6. Comparison of different method and solver used during
the simulation

If high-frequency phenomena (e.g., wave-induced vi-

brations) are critical, smaller steps on the order of
0.001 s or even less may be required.

CONCLUSIONS

In practice, models are often linearized around spe-
cific conditions for control design tasks. However, a
fully nonlinear system is often necessary to accurately
capture large-amplitude motions or wave interactions.
With its ability to account for nonlinear effects and hy-
drodynamic forces, the Fossen model remains the most
robust approach for marine vehicle dynamics, ensur-
ing reliable performance across various operating con-
ditions. The Fossen model is inherently nonlinear, and
its difference equation formulation enables fast compu-
tation while preserving the stability of solutions, with
matrix notation further enhancing the model’s read-
ability.
In the next step, the analysis will be extended to sys-
tems with three degrees of freedom.

Appendices

I. ODE (ordinary differential equation)

Below is the MATLAB code that solves the differen-
tial equations numerically using the ODE solvers and
plots the results.

1 % Parameters
2 m = 1 . 0 ; % mass ( kg )
3 k = 10 ; % spr ing s t i f f n e s s c o e f f i c i e n t

(N/m)
4 b = 1 ; % damping c o e f f i c i e n t (Ns/m)
5

6 % I n i t i a l c ond i t i on s
7 x0 = 10 ; % i n i t i a l d i sp lacement (m)
8 v0 = 1 ; % i n i t i a l v e l o c i t y (m/ s )
9

10 \% Simulat ion time and time step
11 t0 = 0 ; % i n i t i a l time
12 t f = 10 ; % f i n a l time
13 dt = 0 . 0 5 ; % time step
14 t = t0 : dt : t f ; % time vec to r
15

16 % ODE func t i on d e f i n i t i o n
17 odefun = @( t , y ) [ y (2 ) ; (−k ∗ y (1 ) − b ∗ y (2 ) )

/ m] ;
18

19 % So lv e r s f o r d i f f e r e n t i a l equat ions
20 s o l v e r s = { ’ ode45 ’ , ’ ode23 ’ , ’ ode113 ’ , ’ ode15s

’ } ;
21 od e r e s u l t s = s t r u c t ( ) ;
22

23 f o r s = 1 : l ength ( s o l v e r s )
24 s o l v e r = s o l v e r s { s } ;
25 [T, X] = f e v a l ( so l v e r , odefun , [ t0 , t f ] , [

x0 , v0 ] ) ;
26 X( : , 3 ) = (1/m) ∗ (−k ∗ X( : , 1 ) − b ∗ X( : , 2 )

) ;
27 od e r e s u l t s . ( s o l v e r ) .T = T;
28 od e r e s u l t s . ( s o l v e r ) .X = X;
29 end
30

31 % Di f f e r e n c e equat ion s o l u t i o n
32 x = ze ro s ( s i z e ( t ) ) ; % disp lacement
33 v = ze ro s ( s i z e ( t ) ) ; % v e l o c i t y
34 a = ze ro s ( s i z e ( t ) ) ; % a c c e l e r a t i o n
35

36 % Set t ing i n i t i a l c ond i t i on s
37 x (1 ) = x0 ;
38 v (1 ) = v0 ;
39

40 % Simulat ion o f mass−spr ing−damper system
us ing d i f f e r e n c e equat ions
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41 f o r i = 1 : l ength ( t )−1
42 % Calcu la te a c c e l e r a t i o n
43 a ( i ) = (−k ∗ x ( i ) − b ∗ v ( i ) ) / m;
44 % Calcu la te v e l o c i t y
45 v ( i +1) = v( i ) + a ( i ) ∗ dt ;
46 % Calcu la te d i sp lacement
47 x ( i +1) = x( i ) + v ( i +1) ∗ dt ;
48 end
49

50 % Plo t t i ng r e s u l t s
51 f i g u r e ;
52

53 % Displacement comparison
54 subplot ( 3 , 1 , 1 ) ;
55 hold on ;
56 f o r s = 1 : l ength ( s o l v e r s )
57 s o l v e r = s o l v e r s { s } ;
58 p lo t ( o d e r e s u l t s . ( s o l v e r ) .T, o d e r e s u l t s . (

s o l v e r ) .X( : , 1 ) , ’ DisplayName ’ , s o l v e r )
;

59 end
60 p lo t ( t , x , ’ r−− ’ , ’ DisplayName ’ , ’ D i f f e r e n c e �

Equation ’ ) ;
61 t i t l e ( ’ Displacement � ( x ) ’ ) ;
62 x l ab e l ( ’Time � [ s ] ’ ) ;
63 y l ab e l ( ’ Displacement � [m] ’ ) ;
64 l egend ;
65 g r id on ;
66 hold o f f ;
67

68 % Veloc i ty comparison
69 subplot ( 3 , 1 , 2 ) ;
70 hold on ;
71 f o r s = 1 : l ength ( s o l v e r s )
72 s o l v e r = s o l v e r s { s } ;
73 p lo t ( o d e r e s u l t s . ( s o l v e r ) .T, o d e r e s u l t s . (

s o l v e r ) .X( : , 2 ) , ’ DisplayName ’ , s o l v e r )
;

74 end
75 p lo t ( t , v , ’ r−− ’ , ’ DisplayName ’ , ’ D i f f e r e n c e �

Equation ’ ) ;
76 t i t l e ( ’ Ve loc i ty � ( v ) ’ ) ;
77 x l ab e l ( ’Time � [ s ] ’ ) ;
78 y l ab e l ( ’ Ve l oc i ty � [m/ s ] ’ ) ;
79 l egend ;
80 g r id on ;
81 hold o f f ;
82

83 % Acce l e r a t i on comparison
84 subplot ( 3 , 1 , 3 ) ;
85 hold on ;
86 f o r s = 1 : l ength ( s o l v e r s )
87 s o l v e r = s o l v e r s { s } ;
88 p lo t ( o d e r e s u l t s . ( s o l v e r ) .T, o d e r e s u l t s . (

s o l v e r ) .X( : , 3 ) , ’ DisplayName ’ , s o l v e r )
;

89 end
90 p lo t ( t , a , ’ r−− ’ , ’ DisplayName ’ , ’ D i f f e r e n c e �

Equation ’ ) ;
91 t i t l e ( ’ Acc e l e r a t i on � ( a ) ’ ) ;
92 x l ab e l ( ’Time � [ s ] ’ ) ;
93 y l ab e l ( ’ Acc e l e r a t i on � [m/ s ˆ2 ] ’ ) ;
94 l egend ;
95 g r id on ;
96 hold o f f ;
97

98 % Display r e s u l t s
99 s g t i t l e ( ’ S imulat ion � us ing � Mult ip l e �ODE� So l v e r s

� and � D i f f e r e n c e � Equations ’ ) ;

References

[1] A. Grzadziela and M. Kluczyk, “Shock absorbers damping
characteristics by lightweight drop hammer test for naval
machines,” Materials, vol. 14, no. 4, p. 772, 2021.

[2] B. Szturomski and R. Kiciński, “Simulation of the impact
resistance of kilo type submarine loaded with non-contact
mine explosion,” Zeszyty Naukowe Akademii Marynarki
Wojennej, vol. 58, 2017.

[3] M. Przybylski, “Selection of the depth controller for the
biomimetic underwater vehicle,” Electronics, vol. 12, no. 6,

2023. [Online]. Available: https://www.mdpi.com/2079-
9292/12/6/1469

[4] T. I. Fossen, Guidance and Control of Ocean Vehicles. John
Wiley & Sons, 1994.
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