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Abstract 

This article is representing numerical research and modeling of autonomous unmanned underwater 
vehicle’s (AUUV) control system for planar motion. A mathematical model of the control system is 
designed for an underwater vehicle, the structure of which consists of a main thruster and control 
surfaces. Based on the dynamic AUUV’s mathematical model two types of planar motion equations 
have developed: simple planar motion equations and extended planar motion equations. Both 
equations types include AUUV’s geometrical characteristics and hydrodynamics coefficients which 
have determined from computer aided design and CFD simulation. The difference between 
simplified and extended equations of planar motion consists in the inclusion of an additional planar 
coordinate and extra hydrodynamic coefficients. For each type of motion equations as input signal 
typical maneuverers, such as constant value, sin value and Kempf maneuverer (zig-zag maneuverer) 
have implemented. The system’s output signals from external actions in the form of typical 
maneuverers the estimated of necessity of regulator. As regulator were chosen and used the PID-
regulator for velocity and yaw control. The results of this study also demonstrate what the engine 
thrust required to achieve the desired speed, and identify which equations of motion are appropriate 
for specific maneuvers performed by the apparatus during its operation and mission execution. 

Keywords: autonomous underwater vehicle (AUV); autonomous unmanned underwater vehicle 
(AUUV); control system; planar motion; PID controller; numerical simulation; modelling; AUUV 
maneuverers; AUUV planar motion; AUUV circular motion; AUUV zig-zag motion 
 

1. Introduction 

The autonomous unmanned underwater vehicle’s (AUUV) planar motion is a basic motion 
which can executed as on the water surface and underwater. The stability and precision of motion 
depend on AUUV’s actuating mechanism system. Exist several types how actuating mechanism 
(control) system could be realized in AUUV. It could be main thruster and pair of servo thrusters 
(side and vertical locations) or it could be main thruster and fins and rudders. In most cases widely 
used control system which contain main thruster with fins and rudders (Bouraou et al., 2017). The 
crucial feature of the AUUV with fins and rudders is the ability of unmanned underwater vehicle’s 
rudders to provide stable and relatively precise control of the vehicle. 

The stable and precise AUUV’s control depends of vehicle’s design and the response quickness 
of the vehicle to the commanded rudder movement. 

In order to develop control system mainly development process should be presented, which 
describes vehicles valuable parameters and characteristics which should be achieved. The beginning 
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of the development and research is the determination of the type of structure of the apparatus. Taking 
into account the design features, the calculation of hydrodynamic coefficients is carried out. The 
obtained hydrodynamic coefficients are used in modelling the equations of the dynamics of the 
vehicle’s motion in the aquatic environment (Bouraou & Gurynenko, 2023). 

The hydrodynamic and vehicle’s design researches by the authors (Bouraou et al., 2021; 
Gurynenko 2023; Gurynenko et al., 2023) show how hull and apparatus in general behave in water 
under typical movements and maneuverers. The result of these studies is an understanding of the 
layout of the AUUV and the numerical value of the hydrodynamic coefficients for motion equations. 

The design of control system in general is solution of system of six differential motion equations. 
This system of motion equations should contain as all as possible parameters which describe 
apparatus construction and also should include forces and momentums which generated by thrusters 
or controlling planes. The final system in general is non-linier system. To get system’s solution mostly 
computer and numerical simulation are used. However, to obtain a complete solution of the system 
requires significant computational time. To reduce computational time, equations that are 
responsible for a specific simple motion are isolated from the complete system of equations. 
Commonly, for AUUV simple movements are planar movement and movement of diving/surfacing. 

In order to design and develop of any vehicle, especially of AUUV, it is necessary to have any 
procedures and regulation documents which governing the vehicle in its environment. 

However, in regulation documents of autonomous unmanned underwater vehicle (AUUV) 
inputs are not often designed for dynamic modeling but for evaluating the performance of such a 
vehicle (ITTC Recommended Procedures and Guidelines, Rev. 02, 2017). The typical maneuverers 
such as turning circle, meander and “zigzag” are designed to evaluate the performance of AUUVs 
(Issac et al. 2008). Despite that these maneuverers could be used for AUUVs dynamic model 
parameters estimation. 

The document (ITTC Recommended Procedures and Guidelines, Rev. 02, 2017) also applies to 
methodologies for conducting full-scale tests. Using the provisions of this document, it is advisable 
to test the apparatus, compare the obtained results with theoretical calculations, and, if necessary, 
make adjustments to the model or the apparatus itself. 

In research (Perrault et al., 2003) by authors the response sensitivity of C-SCOUT underwater 
vehicle under turning circles and horizontal and vertical zigzag manoeuvres are examined. Authors 
used a computer model of an axi-symmetric underwater vehicle. Using numerical simulation, the 
influence of hydrodynamic parameters such as added mass, the lift and drag forces on constituent 
components, and the point of application of the lift and drag forces on apparatus was estimated. 

In the pipeline (Sutulo & Soares, 2005) based on simplified nonlinear mathematical models 
authors are studied dynamic properties of directionally unstable surface displacement ships in 
manoeuvring motion. By means of numerical simulation based on the First-order and second-order 
Nomoto equations, which have written in normalized form to minimize the number of the defining 
parameters zigzag motion focusing on the case of directionally unstable ships were studied. For the 
open-loop system under sinusoidal excitation and for the closed-loop system imitating the ship in 
zigzag manoeuvres authors discovered anomalous responses were discovered when the rudder 
deflection amplitude is close to the loop’s half-width. 

Applied scientific researches presented in (Issac et al., 2007; Issac et al., 2008) provide us with a 
series of manoeuvring tests using the MUN Explorer AUV. Researchers are described the methods 
and procedures used in accomplishing the series of manoeuvres tasks, such as: 18 turning circles, 12 
zigzags, 2 straight-line tests and a helix. Accomplishment of all manoeuvres were done in a slightly 
different manner compared with the classic maneuvers in order to make use of the special vehicle 
mission planning software (Issac et al., 2007; Issac et al., 2008). From the obtained data and their 
further analysis authors found out the zigzag manoeuvres, the vehicle has a good path-follow 
qualities. In the case of turning circles, the radius of turn in most cases turned out to be somewhat 
more than the demanded radius. Also authors note obtained data records shown vehicle’s ability 
perform extreme manoeuvres with the accuracy which apparatus can follow a pre-defined path. 
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Based on the results of field tests and studies conducted in (Issac et al., 2007; Issac et al., 2008), 
the Nomoto indices (Azarsina & Williams, 2013) for the studied apparatus can be estimated. Using 
the obtained estimates of the Nomoto indices, a first-order model of the Nomoto equations is solved 
using computer modeling to predict the apparatus’ rate of turn during horizontal zigzag maneuvers 
in response to a rectangular input signal for the rudder deflection angle. 

The paper (Liu et al., 2015) examines a combined modeling approach and virtual prototype 
creation using ADAMS and Matlab/Simulink. The paper describes the design of the vehicle and its 
components. Detailed equations of motion and attitude control are provided. The design of the 
navigation system is briefly described. The resulting virtual prototype, consisting of the AUV control 
system and control algorithm, can be used for AUV simulation analysis and functional verification 
through the interaction of intelligent and dynamic control. 

A research (Villa et al., 2020) describes the development and theoretical study of the Girona500 
AUV with five thrusters. The authors describe the vehicle’s operating algorithms and provide the 
motion equations taking into account the Girona500 AUV parameters. The authors consider two 
guidance, navigation, and control (GNC) system algorithms (simple and extended). The simple GNC 
algorithm considers three different types of PID controllers (speed, speed-position, and position). The 
extended GNC algorithm ensures trajectory following, as well as the collection and processing of data 
from an underwater sensor. The researchers consider the implementation problem in two control 
scenarios to validate the developed GNC architecture and verify the position PID controller model. 
The developed guidance, navigation, and control (GNC) system architecture was implemented as 
block diagrams and verified using simulation in MATLAB/SIMULINK. 

The reviewed articles above are very useful in practical case. However, most of considered 
researches examine already made apparatus and describe approaches how to improve it according 
to the some regulations requirements. From the cited works only minor part describe development 
process from begging to the end which follow common information model of research and 
development of AUUV (Gurynenko & Bouraou, 2023). 

The proposed research come a next step after preliminary design and numerical study of the 
hull of AUUV. This article discusses a model of the planar motion of an AUUV, the design of which 
was studied in the works (Bouraou et al., 2021; Gurynenko 2023; Gurynenko et al., 2023). In turn, 
planar movement is conditionally divided into simple movement and complex movement. Simple 
planar motion of AUUV includes surge motion and change in direction. Complex planar motion of 
AUUV additionally includes sway motion. 

The results presented in this article are as follows: 
− Two systems of equations of motion are shown: simple plane motion and complex plane motion; 
− For each system of equations, as control system with open loop contour, responses to typical 

maneuverers are shown; 
− Responses to typical maneuverers are shown for each system of equations, as control system 

with negative feedback (closed loop contour); 
− Responses to typical maneuverers are shown for each system of equations with PID-regulator. 

2. Methodology 

Autonomous unmanned underwater vehicle planar motion is one of the simplest and, at the 
same time, one of the most fundamental motion. Analyzing the planar motion of an AUUV allows to 
evaluate the maneuverability of the AUUV, the minimum required thrust, and the response time of 
the corresponding control surfaces. Planar motion’s mathematical model could be obtained from 
6DoF dynamic equations in way of some assumptions around motion and restriction of some degrees 
of freedom. The implementation of some regulator block in planar motion equations convert this 
system into AUUV control system model. Varying of the regulator’s coefficients allows us to select 
the most appropriate values of these coefficients, at which the output value of the motion parameters 
will correspond to the specified (desired) ones, and the settling time will be minimal. 
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3. Mathematical Model of Motion 

The mathematical model of an AUUV can be follows the classic approach of movement 
dynamics. The space movement’s equations are developed based on the forces and moments acting 
on the AUUV. In general, the obtained equations system is nonlinear. Also, for further simplicity of 
the description of input and output values, as well as for the implementation of different subsystems, 
the resulting system convert to the state-space form. 

In present research, to describe the AUUV motion (Earth-fixed Inertial frame (𝐸-𝜉𝜂𝜁) and body-
fixed frame (𝑂-XYZ) are introduced, as shown in Figure 1. 

 
Figure 1. AUUV coordinate frame. 

The origin of the body-fixed frame located in the center of mass of the AUUV. Apparatuses 
center of mass and the center of buoyancy which are coincides with the center of gravity of it. The 
AUUV 𝑂X axes is the forward-cruising direction (Lukomskii, & Chugunov, 1988). According to the 
second law of dynamic the AUUV motion equations in the body-fixed frame can be expressed as 
follows: 
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As shown in Equation (1), motion equations are nonlinear and interrelated. These equations 
contain many hydrodynamic coefficients, which can be defined by series of numerical simulation or 
series of nature experiments of stand-in AUUV model to confirm results getting by numerical studies. 
Also, as may be inferred from Equations (1) hydrodynamic coefficients is exert influence on AUUV 
controllability. 

3.1. Simple Planar Motion Model 

Due to the complexity of the Equations (1) the model is simplified in engineering research. 
Hence, to get model of planar motion equations some assumptions are made: 
− Added mass are remove (equal to zero) or can be esteem as part of apparatuses mass; 
− Roll and Pitch angular movements are equal to zero or such small that can be neglected; 
− Apparatus does not undergo Sway and Heave motions. 

Taking into account the above assumptions, Equations (1) take the following form: 
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AUUV movement model in inertial frame can be expressed as: 
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3.2. Extended Planar Motion Model 

The Equations (2) describe ideal AUUV motion. However, in real life cross-axes movement 
influence take place. Also, current stream should been taken into account. Regarding to these notice, 
Equations (1) take the following form: 
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(4)

In this study, to simplify calculations, the Equations (4) do not contain current stream value. 
AUUV movement in inertial frame the same as shown in Equations (3). 

4. Numerical Simulation 

The AUUV control system dynamic model is created in Matlab/Simulink software (Лазарєв, & 
Бондар, 2011). General model view is shown on Figure 2. 

Control system basic elements are main block, AUUV parameters + environment parameters 
block (light-blue), control point adjuster block (cyan), two regulators: one for velocity value (green) 
and second for direction (yaw) value (magenta). Control system additional elements provide switch-
on/switch-off of feedback and regulators. Control system main block can include or Equations (2) or 
Equations (4) and Equations (3). Control point adjuster block can generate typical maneuverers such 
as: forward motion with specified direction angle, turning circle, sine and “zigzag”. Initializing 
program allows to predefined maneuverers motion parameters such as: desired velocity, desired turn 
radius, frequency of steering rudder re-laying. 
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Figure 2. AUUV control system model (diagram). 

In present research as typical influence motion with constant direction, motion with ramp (with 
desired radius), sine motion and zig-zag motion are used. 

The study is divided into several stages: 

1. Motion differential equations system direct solution for simplified and extended motion models; 
2. Motion differential equations system’s solution with feedback for simplified and extended 

motion models; 
3. Motion differential equations system’s solution with feedback and regulators for simplified and 

extended motion models; 

AUUV parameters values, which are used for modelling and simulation in Table 1 are presented. 

Table 1. AUUV parameters values. 

Parameter’s name Designation Unit Value 
AUUV length L m 1,2 
AUUV surface in front section view S m2 0,363 
Momentum of inertia around Z axis ZI  kg*m2 7,04 
AUUV mass M kg 60 
X axis direction center mass shift cx  m 0 
AUUV drag coefficient XC  – 0,12 
Proportionality coefficient that characterize the 
effectiveness of the relevant control surface for 
angular motion 

в
Zm
δ  – 1 

Proportionality coefficient YC
β  – 0,1 

Proportionality coefficient that characterize the 
effectiveness of the relevant control surface for linear 
motion 

в
YC
δ  – 0,001 

Drag coefficient of the rotational derivative z
YC
ω  – 0,12 

Dimensionless coefficient of the rotational derivative Z
Zm
ω  – 0,003 

Hydrodynamic proportionality coefficient of the 
rotational derivative Zm

β  – 0,0001 

Fresh water density ρ  kg/m3 1025 
Added mass 35λ  kg*m 0 

4.1. Simple Planar Motion Simulation 
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In this section the results of simple planar motion for direct solution, for solution with feedback 
and for solution with feedback and regulator are presented. 

4.2. Extended Planar Motion Simulation 

In this section the results of extended planar motion for direct solution, for solution with 
feedback and for solution with feedback and regulator are presented. 

5. Results Discussion 

Figures 3–6 depict direct solution of equations of simple planar motion. As can be seen from 
plots, has a certain stability in gaining thrust and achieving desired velocity of movement, however 
AUUV output direction angle and movement trajectory do not correspond to the desired. 

 
Figure 3. AUUV motion under direct solution (control input—constant direction 2.5°). 

 

Figure 4. AUUV motion under direct solution (control input—ramp direction with desired turn radius 10 m). 
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Figure 5. AUUV motion under direct solution (control input—sine direction with 0,01 Hz control-surface 
reversal frequency). 

 

Figure 6. AUUV motion under direct solution (control input—relay control-surface reversal (zig-zag motion)). 

Figures 7–10 represent AUUV simple planar motion under solution with feedback. For constant 
input of desired direction angle expected motion trajectory of apparatus is observed—straight 
trajectory with constant inclination, however, some oscillation of output apparatus’s direction angle 
is presented. For inputs such as ramp direction and sine direction apparatus output trajectories are 
circle and sine-shape trajectory respectively. For relay control input AUUV motion under solution 
with feedback output trajectory does not correspond to predictable, moreover, some oscillation of 
output direction also presented. 
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Figure 7. AUUV motion under solution with feedback (control input—constant direction 2.5°). 

 
Figure 8. AUUV motion under solution with feedback (control input—ramp direction with desired turn radius 
10 m). 
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Figure 9. AUUV motion under solution with feedback (control input—sine direction with 0,01 Hz control-
surface reversal frequency). 

 

Figure 10. AUUV motion under solution with feedback (control input—relay control-surface reversal (zig-zag 
motion)). 

Figures 11–14 show AUUV simple planar motion under solution with feedback and regulator. 
A PID-controller was used as the regulator. The properties, application, and configuration methods 
of this controller are described in (Wang, 2020). The obtained results analysis demonstrates that the 
AUUV clearly repeat desired direction changes. Also, as a consequence of direction change AUUV 
gained properly and desired movement trajectory. This result is achieved by varying the controller 
coefficients, however in practice it is often necessary to select the controller parameters using the 
method of sequential approximations. 
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Figure 11. AUUV motion under solution with feedback and regulator (control input—constant direction 2.5°). 

 
Figure 12. AUUV motion under solution with feedback and regulator (control input—ramp direction with 
desired turn radius 10 m). 
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Figure 13. AUUV motion under solution with feedback and regulator (control input—sine direction with 0,01 
Hz control-surface reversal frequency). 

 

Figure 14. AUUV motion under solution with feedback and regulator (control input—relay control-surface 
reversal (zig-zag motion)). 

Figures 15–18 show AUUV extended motion under direct solution. From obtained results 
unstable motion of AUUV is shown. As can be seen from the graphs, the apparatus achieve desired 
velocity as is expected, however after a certain point in time, the trajectory of the vehicle’s movement 
becomes uncontrollable and many times increases. Such unstable motion and uncontrollable 
trajectory increases are caused by presents of additional hydrodynamics coefficients in motion 
equations. 
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Figure 15. AUUV extended motion under direct solution (control input—constant direction 2.5°). 

 
Figure 16. AUUV extended motion under direct solution (control input—ramp direction with desired turn 
radius 10 m). 
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Figure 17. AUUV extended motion under direct solution (control input—sine direction with 0,01 Hz control-
surface reversal frequency). 

 
Figure 18. AUUV extended motion under direct solution (control input—relay control-surface reversal (zig-zag 
motion)). 

Figures 19–22 present the solution of the closed system of extended motion equations for the 
AUUV. Figure 19 illustrates the system response under a constant input of angular influence. The 
output value of the vehicle heading exhibits a damped oscillatory behavior, while the output value 
of the trajectory represents a straight line with a constant slope. For input angular influence in the 
ramp form and sinusoidal functions, the vehicle trajectory becomes a circle and a sinusoid, 
respectively. In the case of input of relay-type control influence, the vehicle trajectory takes on a zig-
zag form, however, the output heading of the AUUV demonstrates damped oscillatory behavior 
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(Figure 22). Also, when the vehicle changes direction, an oscillatory overcontrol in velocity is 
observed. 

 

Figure 19. AUUV extended motion under solution with feedback (control input—constant direction 2.5°). 

 

Figure 20. AUUV extended motion under solution with feedback (control input—ramp direction with desired 
turn radius 10 m). 
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Figure 21. AUUV extended motion under solution with feedback (control input—sine direction with 0,01 Hz 
control-surface reversal frequency). 

 

Figure 22. AUUV extended motion under solution with feedback (control input—relay control-surface reversal 
(zig-zag motion)). 

Figures 23–26 illustrate the extended planar motion of the AUUV obtained from the solution 
with feedback and regulator. A PID-controller was used as the regulator. Analysis of the obtained 
results shows that the vehicle accurately tracks the input influence and follows the expected 
trajectory. In the case of input of relay-type control influence, an overshoot in velocity is observed 
during trajectory switching (small spikes visible in Figure 26). 
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Figure 23. AUUV extended motion under solution with feedback and regulator (control input—constant 
direction 2.5°). 

 
Figure 24. AUUV extended motion under solution with feedback and regulator (control input—ramp direction 
with desired turn radius 10 m). 
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Figure 25. AUUV extended motion under solution with feedback and regulator (control input—sine direction 
with 0,01 Hz control-surface reversal frequency). 

 

Figure 26. AUUV extended motion under solution with feedback and regulator (control input—relay control-
surface reversal (zig-zag motion)). 

6. Conclusions 

This paper considers the numerical simulation of a control system for an autonomous unmanned 
underwater vehicle performing planar motion. The control system is developed using both simplified 
equations of motion and extended equations of motion. For each type of motion equation, a 
simulation model was developed with the capability to enable feedback control and to incorporate a 
PID-controller. 
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The simulation results show that when simplified planar motion equations are used with direct 
solution, the trajectory of the vehicle converges to a single point, that is, the vehicle tends toward a 
final position while rotating in place. The introduction of negative feedback improves the 
controllability of the vehicle. However, under relay control the trajectory of the output signal does 
not correspond to the expected one, and certain oscillations of the heading angle are observed. The 
implementation of a PID-controller in the system improves the controllability of the vehicle. With the 
controller, the AUUV responds adequately to input commands and follows trajectories 
corresponding to the specified input actions. 

The extended equations of planar motion differ from the simplified ones by the presence of an 
additional equation for one planar coordinate and additional hydrodynamic coefficients. Simulation 
results demonstrate that when the system with extended equations of motion is solved directly, the 
vehicle becomes unstable, that is, its angular motion increases without bound and, as a consequence, 
the trajectory also diverges. The introduction of negative feedback significantly improves the 
controllability of the vehicle. However, for a step constant input, a damped oscillatory process of the 
output angular motion is observed. In addition, under relay control, when the direction of motion 
changes, a damped oscillatory process is observed for both velocity and output angular motion. 
When a PID-controller is used, the oscillatory processes are reduced. During changes in the motion 
trajectory, velocity overshoot is clearly observed (small peaks on the corresponding plots). This 
behavior is caused by the presence of the additional coordinate equation and the additional 
hydrodynamic coefficients. The extended equations make it possible to evaluate the influence of each 
coefficient on the behavior of the vehicle and allow a more detailed investigation of the system under 
various input conditions. For correct calculations these additional hydrodynamic coefficients must 
be determined at the stage of numerical CAE and CFD modeling or obtained through full-scale 
hydrodynamic testing of the vehicle hull design. 

Further research will focus on the analysis of equations of planar motion under side velocity 
(undercurrent) and under the influence of sea waves. Also, described approach will be implemented 
for analysis of equations of describing diving and surfacing motions. 
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Notations 

In this section variables, functions, abbreviations, etc. are listed with explanations. 

Variables and functions 
M AUUV mass 
G AUUV weight 
L AUUV length 
S AUUV surface in front section view 
T Main thrust 
P Resultant force of weight and Archimedes’ force 
h Depth 
ρ  Density (fresh water, sea water) 

11 12 16 22 25 33 34 35 44 45 55 66, , , , , , , , , , ,λ λ λ λ λ λ λ λ λ λ λ λ  Added mass 

, ,X Y ZdV dV dV
dt dt dt

 AUUV linear acceleration in each direction 

, ,X Y ZV V V  AUUV linear velocity in each direction 

, ,X Y Zd d d
dt dt dt
ω ω ω

 AUUV angular acceleration around each axis 
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, ,X Y Zω ω ω  AUUV angular velocity around each axis 

d
dt
ψ

 Direction (Yaw) angular velocity 

, ,ψ ϑ γ  Orientation angles (direction (Yaw), Roll, Pitch) 
,V Vξ η  North and East velocity in Earth frame 

, ,X Y ZI I I  AUUV momentum of inertia of each axis 
, ,c c cx y z  AUUV center of mass coordinates displacement 

гδ  Horizontal rudder angle control input 

вδ  Vertical rudder angle control input 

XC  AUUV drag coefficient 

, ,Z X Y
X Y ZC C Cω ω ω  AUUV drag coefficient of the rotational derivative 

0, ,Z ZYC C Cβ α  Proportionality coefficient 

,в г
Y ZC Cδ δ  

Proportionality coefficient that characterize the 
effectiveness of the relevant control surface for linear 
motion 

, , ,YX X Zm m m mβ αβ α β  
AUUV hydrodynamic proportionality coefficient of the 
rotational derivative 

, , , ,X Z Y X Z
X X Y Z Zm m m m mω ω ω ω ω  Dimensionless coefficient of the rotational derivative 

,в в
X Zm mδ δ  

Proportionality coefficient that characterize the 
effectiveness of the relevant control surface for angular 
motion 
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