Milov, O., Voitko, A., Husarova, I., Domaskin, O., Ivanchenko, Y., Ivanchenko, I. et. al. (2019). Development of methodology for

modeling the interaction of antagonistic agents in cybersecurity systems. Eastern-European Journal of Enterprise Technologies,

Behara, R., Huang, C. D., Hu, Q. (2007). A System Dynamics Model of Information Security Investments. ECIS 2007 Proceedings,

41.

2(9 (98)), 56-66. doi: https://doi.org/10.15587 /1729-4061.2019.164730
42.

177. Available at: http://aisel.aisnet.org/ecis2007 /177
43.

egies. Proceedings of the Fifth Workshop on the Economics of

Marco, C., Nizovtsev, D. (2006). Understanding and Influencing Attackers’ Decisions: Implications for Security Investment Strat-

Information Security. Cambridge.

u| 0

IIposooumucs docnioxncerns neinitinux 2i0poounamiuHux
xapaxmepucmux pywiino-cmeprosozo komnaexcy (PCK), saxi
67IUBAIONTL HA MOUHICMb NAOCK020 MPAEKMOPHO20 PYXY ABMO-
HOMHO020 HeHacenenoz0 nidgoonozo anapama (AHIIA). IIpu
Kpugoinitinomy pyci nideoonozo anapama tiozo PCK npauroe
Y Kocomy nomoui 600u, wo naoieae. Ile npuzsooumo 0o 3nu-
scenns cuau ynopy PCK i neeamueno enausae na xeposanuii
mpaexmopnuil pyx nidgoonozo anapamy. Jlocaiovicenns 6yao
npogedeno 0ns xonkpemmozo muny AHIIA ona pescumy nio-
CK020 KPUBOJIIHILHO020 PYXY.

Y axocmi memody docaidxcenns 6yno obpano memoo
MamemMamuunozo MoO0ent08anHs. 3 uierw memoro 6idomy
Mmamemamuuny moodenv pyxy AHIIA donosuerno cucmemoro
Kepyeanns, wo imimye mpaexmopnuil pyx AHIIA. Pozpooaena
MoOeNb CKAA0AEMBCA 3 HOMUPHOX OCHOBHUX BI0KI8: YOOCKO-
nanenoi mooeni AHIIA; 6aoxy 3asdanns weudxocmi pyxy ana-
pamy; 610Ky Kepyeanns Kymom noeopomy Hacaoku; 0J0kxy,
aKuil Micmumo 3a3oaneziob ni020moseni mpackmopii pyxy
AHIIA.

IIpedcmaeneno pesyavmamu docaiodcenis 2iopoounamiv-
Hnux napamempie AHIIA 0ns Oexinvkox munoeux mpack-
mopiil tioeo pyxy. /lo docaidicysanux napamempie naiexcants
HaAcmynui: HeoOXIOHUI Kym nosopomy nacaoku; OiicHa mpack-
mopis pyxy anapamy; weuoKicmo pyxy anapamy; MoMeHm Ha
8ay 2pebiozo enexmpoosuzyna; ynop 2pebHozo 26unma.

B pesynvmami nposedenux docuidvicenv nodyoosaio odia-
Zpamy 3aneHcHOCmi Ynopy 2pedHozo 26uHma 6i0 Kyma noeo-
pomy nacaoxu AHIIA ¢ dianazoni weuoxocmi 6io 0,2 m/c
0o 1 m/c ma npu nosopomi nacadxu é odianasoni do 35°.
Cpopmosano mpvoxXeuMipHy Mampuuro, AKa ONUCYE 3ATeMHC-
HiCMb Ynopy epedH020 26unma 6i0 Kyma nomoxy 600U, w0
Habizae, ma weudxocmi pyxy anapamy. Ompumana 3anemic-
HICMb MOXCe OYmu SUKOpUCMAHA NPU CUHME3] Pezyiamopie
cucmem asmMoMAmMu4H020 KepyeaHHs NIOCKUM MAHEBPO6UM
pyxom AHIIA nideuweroi mounocmi

Kntouosi cnosa: asmonomnuil nenacenenuii nioeooHuil
anapam, pYywiliHO-CMePHOBUI KOMNJEKC, MamemamuiHe
MOOen06anHs, NOBOPOMHA HACAOKA
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1. Introduction

Today, in the world leading maritime countries, auton-
omous underwater vehicles (AUVs), which differ signifi-
cantly by architectural and design type, mass-dimensional
parameters and depths of application, are being created.
However, all varieties of AUVs combine a common proper-
ty — the ability of controlled trajectory (plane or spatial)
motion.

Copyright © 2019, V. Blintsov, H. Hrudinina
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by,/4.0)

The forces acting on the underwater vehicle during such
motion determine its dynamics and essentially influence
the vehicle manoeuvrability. Only by having the complete
information about all the forces affecting the AUV, as well
as about their control means, the conditions under which it
is possible to construct vehicle effective automatic control
systems, can be determined.

That is why, in recent years, more and more attention is
being paid to the research and improvement of the PSC auto-



matic control systems (ACS) of such vehicles. Such a task is
especially relevant for AUVs with PSC of “propeller — rotary
nozzle” type, which provide improved controllability of the
underwater vehicle.

To successfully solve this problem, it is expedient to
apply the methods of mathematical modeling of the vehicle
trajectory motion, taking into account the hydrodynamic
characteristics of the propeller in the rotary nozzle.

2. Literature review and problem statement

In [1], attention is drawn to the wide application of AUVs
in survey and search operations, which require the organiza-
tion of precise motions along the given trajectories, and are
determined by the search algorithm. Accordingly, when de-
signing AU Vs, their structure should reflect the nature of the
tasks to be solved and the requirements for their development
(adjustment), take into account the state of the external envi-
ronment and the influence of external disturbances.

In [2], a simulator specially designed for AUVs is de-
scribed. The simulator allows for experimental research
and does not require the use of marine robotics functional
prototypes, which significantly reduce the experiments cost.
However, to achieve the versatility of this simulator, a rather
complex mathematical model is used, which is complicated
by the addition of new simulator functionalities.

Samples of the developed models of AUVs are also present-
ed in [3, 4]. However, the question of simplifying the mathe-
matical models of the presented samples and the researches of
their operation in the oblique water flow remains unresolved.

In [5], a mathematical model of an underwater vehicle
with undulatory motion is presented. This model is proposed
to use for pre-setting the control system of new underwater
vehicles. To conduct experiments, the use of CFD software
packages for modeling is proposed, it increases the time
spent on research and significantly complicates its imple-
mentation technology.

The mathematical model of the underwater robot, “Eco
Mapper”, based on calculations using CFD packages is de-
veloped by the authors in [6]. The question of the need to
control the vehicle important hydrodynamic parameters and
the use of appropriate modeling environment is elaborated in
the paper. However, the issue of clarifying the energy charac-
teristics of the underwater vehicle PSC during maneuvering
is not considered.

The model framework presented in [7] contains three
main units: the underwater vehicle model unit, the sensor
model unit, and the environment model unit. The environ-
ment model includes the hydrostatic and hydrodynamic
components that affect the AUV. Based on this platform, the
user is offered specially designed scenarios of the underwater
vehicle behavior. However, the issue of changing the PSC
thrust forces during the AUV maneuvering motion is not
considered in the paper.

In [8, 9], the issue of improving the accuracy of model-
ing, taking into account the hydrodynamic characteristics
of autonomous underwater vehicles, is elaborated. To achieve
the required maneuverability of the underwater vehicle, it is
necessary to apply an accurate hydrodynamic model and a
complex control system. In the presented works, CFD soft-
wares are used to account for the dynamic flow. However,
the question of determining the AUV nonlinear hydrody-
namic characteristics during curvilinear motion remains

unresolved. To account for the important vehicle motion dy-
namics parameters, complex mathematical models are used.

In [10], the authors present the kinematic and dynamic
equations of an underwater robot model with two rotating
thrusters. The proposed equations are implemented using
the virtual environment realized in MATLAB and Lab-
VIEW. The advantage of such approach is the ability to use
fairly simple and well-tested engineering packages, and the
disadvantage is the lack of modules in them for the PSC op-
eration research in the oblique incident water flow.

The work [11] is aimed at reflecting the AUV dynamic
model calculation based on a set of experiments. The model
is designed for the synthesis of control algorithms and navi-
gation systems. The authors indicate that in order to develop
a high-precision control system, it is necessary to take into
account all the parameters that affect the vehicle during the
assigned mission execution. Particular attention should be
paid to those parameters that have nonlinear characteris-
tics, for example, the propeller thrust force, when operating
in the oblique water flow. The technique proposed by the
authors allows the development of accurate control systems.
However, it is quite complicated to implement and requires
considerable computational resources.

The review performed shows that despite the well-stud-
ied issues of AUVs mathematical modeling, the issue of such
vehicle PSC operation in the oblique incident water flow
remains unexplained in the scientific literature. This PSC
operation mode occurs during the AUV maneuvering and
results in a change in the PSC characteristics in comparison
with the rectilinear motion mode.

Studying the PSC operation peculiarities in the oblique
incident water flow will allow synthesizing the spatial mo-
tion control systems of high accuracy. An effective tool for
such a study is the method of mathematical modeling of the
AUV motion. Thus, an important condition is the use of sim-
plified models, which can be researched using widely avail-
able software packages, in particular, the Simulink package,
MathWorks product, USA.

3. The aim and objectives of the study

The aim of the study is to determine the dependence of
the AUV PSC “propeller — rotary nozzle” thrust force on the
speed and angle of the incident water flow. The dependence
established should serve as a theoretical basis for the synthe-
sis of high-precision AUV control systems.

To achieve this goal, the following objectives were set:

— to develop a mathematical model of an AUV plane curvi-
linear motion with PSC of “propeller in a rotary nozzle” type;

— to investigate the AUV plane curvilinear motion with the
selected type of PSC by the mathematical modeling method,;

— to synthesize the dependences of the PSC thrust force
on the AUV traverse speed and the angle of the incident
water flow.

4. Investigation of AUV propulsion and steering complex
hydrodynamic parameters during plane curvilinear motion

4. 1. Simulation of AUV plane curvilinear motion in
Simulink system

Application of mathematical modeling to investigate the
force characteristics of the AUV PSC during curvilinear



motion will allow obtaining preliminary results before the
full-scale test.

The following equations system was based on the AUV
plane curvilinear motion model [12]:

di c®
LE-kU, -1ri-Zo, )
dt k,
d(l) c®D . K pDS 9
Js vy —Q=——1- ¢ o, 2)
dt k, 4’
dv.
(mAUV+7\‘x) dtx =T-F -F, =
K .pD* CQ
o PV E,, ®)
where:

— i is the instantaneous value of the propulsion motor
armature current;

—u,, K, are the voltage regulator control signal and its
gain factor, respectively;

—L,7,,c,® are the electromagnetic parameters of the
propulsion motor;

— o represents the propeller angular speed,;

— k, is the gear ratio;

— Jos is the moment of inertia of the “propeller
electric motor — gearbox — shafting — propeller
screw” system applied to the screw;

— Mgy=c®i/k, is the driving moment of the propulsion
motor;

— Q represents the braking torque generated by the AUV
PSC propeller;

- K, is the non-dimensional nonlinear coefficient char-
acterizing the propeller torque;

— p is the water specific density;

— D represents the propeller diameter;

— My, heare the AUV mass and the water added mass;

— V. isthe AUV current motion velocity along the x axis;

— P, is the propeller driving force (thrust);

— K, isthe dimensionless nonlinear coefficient, propeller
characterizing thrust;

—F.=pC,QV? /2 is the water resistance force to AUV
movement;

—C, is the AUV hull hydrodynamic coefficient along
the x axis;

— Qs the area of the wetted surface of the AUV outer hull;

— F,, is the external disturbance force acting on the
AUV hull as it moves along the x axis.

Typically, the hydrodynamic AUV hulls configurations
are chosen so that their flow around the water flow is slightly
laminar in nature. Besides, the PSCs are carried out behind
the AUV hull so that the propeller operates in a practically
unturbulent flow.

An example of such AUV design is the underwater ve-
hicle, “Skarus-1” project produced by the Admiral Makarov
National University of Shipbuilding, Ukraine (Fig. 1). Such
AUV has a compressed “fluid-drop”-shaped form, in the aft
part of which there are two PSCs of the “propeller — rotary
nozzle” type. The mentioned thrusters are maximally distant
from the vehicle main hull and operate at speeds of up to
1 m/s in a laminar flow.

Fig. 1. Appearance of AUV “Skarus-1” project

The Simulink-implementation of the equations system (1)—
(3) has the form:

(K, u()=r,*u(3)=(c® / &, Ju(2))* At +u(3), 4)

((c® /&, ) u(t)=2(2)) / J s * At +u(3), 5)

(u(1)-0,5%p*C, *Q.*u(2)* abs(u(2)+u(3))) / (my + 1, )* AL +u(2), (6)

where u(1), u(2), u(3) are the signals received at the
inputs of the corresponding blocks [14]. The implementa-
tion of this model in Simulink is discussed in more detail
in [12].

The presented mathematical model takes into account
the nonlinearity of the propeller action curves and approxi-
mates these dependences using a multilayer neural network
with direct signal propagation [13].

4. 2. Supplementation of AUV model by PSC equa-
tions for curvilinear motion modeling

4.2.1. Determination of the propeller parameters in
the rotary nozzle

The propeller screw in the rotary nozzle was selected as
the PSC, the general view of which is shown in Fig. 2 [17].

The thrust force Py, created by the propeller operation in
the rotary nozzle can be represented as the sum of the propel-
ler thrust forces P,y and the nozzle itself P,:

P =Py +P, =Py -(1+1,), )

where ¢, = P% — suction coefficient (ratio) of the rotary
PS

nozzle.

The nozzle suction coefficient depends on the degree of
load of the whole complex by the thrust, which is character-
ized by the coefficient ©,. The indicative value ¢, can be
determined from Table 1 [16].

Table 1
The coefficient value ty

o, 1 2 3 4 5 6 7 8§ | 10 | «
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In

Fig. 2. Geometric parameters of the rotary nozzle: Dis the
propeller diameter; D, is the area of the nozzle working
section; D, is the area of the nozzle inlet opening; D, is the
area of the nozzle outlet opening; /, is the nozzle length;
/o is the length of the inlet part of the nozzle; /, is the length
of the tail part of the nozzle; b, is the nozzle profile chord,
A is the gap between the propeller and the nozzle

Supplementing the propeller thrust calculation equa-
tion (8) with the nozzle thrust equations (7), we obtain
the design model of PSC “propeller — rotary nozzle” op-
eration.

4.2.2. Development of a mathematical model of PSC
“propeller — rotary nozzle”, which operates in the oblique
incident water flow

Since the PSC operates in the laminar flow, when the
nozzle rotation angle changes, the complex begins to op-
erate in the oblique but not perturbed (turbulent) water
flow. As a rule, the calculation of the propeller thrust is per-
formed under the PSC operation conditions in the coaxial
water flow. However, due to the change of the flow angle
approaching the propeller, the PSC hydrodynamic charac-
teristics change significantly. When shifting the nozzle to
an angle §,, the flow symmetry of the propulsion flow is
broken, which leads to the appearance of the flow velocity
component, V,, the average direction of which can be tak-
en perpendicular to the nozzle axis. The complex flow axis,
according to the equality:

Vs=V, -V, (®)

deviates from the propeller shaft axis in the same direction
as the nozzle at an angle §_. The complex thrust P,. in this
case is decomposed into two components: the deflected
reaction to the flow angle 8, flow B, and the additional
reaction R;, that occurs when part of the flow approaches
the rotary nozzle deflected profile.

Applying the vector form of the law of conservation of
momentum to equality (8) allows obtaining the following
result [14]:

B-BR, )

The design of vectors (8) and (9) on the diametrical and
horizontal planes (Fig. 3) gives the following result:
P, =P, cos8, =P, (1-sin’(8,3,)), (10)

P, =P,sind,_=P,sin(6,8,)cos(6,3,), 11)

where 8, — coefficient for the nozzle without stabilizer, de-

pending on the nozzle relative length 7, :%, (Fig. 2).

a

Fig. 3. Scheme of forces generated by the propeller
operating in the oblique water flow

Then

(12)

Due to the increase in thrust force, when the flow angle
changes, the force on the propeller shaft also increases.

Besides, the torque on the propeller shaft can be deter-
mined as follows [14]:

M}, =M;, (1+5in*(6,3,)), (13)
where M. — the propeller torque in the coaxial flow.

The parameters under consideration include the PSC
hydrodynamic characteristics operating in the oblique wa-
ter flow: the propeller thrust and torque on the propulsion
motor shaft.

The mathematical equations (10)—(13) obtained in Sim-
ulink have the following form:

T, =u(1)*(1-sin(u(2)*0,6))(2)), (14)
T, =u(1)*sin(u(2)*0,6)*cos(u(2)*0,6), (15)
7= sare((u(1)(2))+(u(2)(2)), (16)
Q=u(2)*(1+(sin((1)*0,6)"(2) (a7

where u(1), u(2) — the incoming signals received at the in-
puts of the corresponding blocks; T is the propeller thrust;
Q — moment on the propulsion (propeller) motor shaft.

The implementation of this model in Simulink is dis-
cussed in more detail in [14].

4.2.3. Analysis of typical types of autonomous un-
derwater vehicle trajectory motion

Consider the most common types of trajectories.

From the conducted analysis [12, 18], the following typi-
cal modes of AU Vs spatial (trajectory) motion, which deter-
mine the requirements for their automatic control systems
(Fig. 4) can be noted:

— in a straight line — with stabilization on course, depth,
height above the ground;

— tacks — triangular, rectangular;

—along a flat curve — in a spiral, along a piecewise-bro-
ken trajectory;

— motion along a curve with distance control;

— height stabilization between the underwater object
and the trajectory;



— along vertical structures;

— movement along the supports of maritime stationary
platforms;

— trajectory multiple motion between the sea surface
and a given seabed point; complex spatial motion in cramped
navigational conditions.

Sea surface 2

X
_________ > T — AUqulion
AUV motion trajectories
trajectories e
a b
z z
X X
y y
c d

Fig. 4. Typical trajectories of stabilized AUV motion:

a — linear motion with stabilization of the depth of
immersion and trajectory motion with height stabilization
above the ground; b, ¢, d — correspond to plane curvilinear
motion

Therefore, the trajectories type 4, b — d correspond to
plane curvilinear motion, so they can be used in modeling
the AUV trajectory motion.

4. 3. Development of an additional model structure for
simulating autonomous underwater vehicle plane trajec-
tory motion

Based on AUV mathematical models ((1)-(3), [12]) and
PSC of “propeller — rotary nozzle” type ((9)-(13), [14]) a
Simulink model was created to simulate AUV motion on
a given trajectory. The general appearance of the model is
presented in Fig. 5.

AUV model
—_— 0.97
\Y
Track

U [
L= EQ
track go
cours

CS

Cours
Sigma

Fig. 5. Mathematical model of AUV trajectory motion

The developed model consists of four main blocks (units):
“U”, “Cours”, “CS” and “AUV model”.

The AUV model unit is the AUV model according to
(4)—(6), which has been improved by taking into account
the PSC operation in the oblique water flow according to
(13)—(16). In this case, the AUV moves under the action
of the propeller thrust in the rotary nozzle, which is driven

through a gear box of the DC motor with independent exci-
tation.

Unit “U” is intended to set the required AUV speed “V”
by applying the appropriate supply voltage to the propulsion
motor.

Unit “CS” is the structure added to the AUV model,
to simulate the underwater vehicle trajectory motion. This
unit controls the rotation angle of the rotary nozzle “sigma”.
The “Sigma” unit input receives the signal “track”, which
corresponds to the value of the vehicle current (real) motion
trajectory (y(¢)). The course value, which corresponds to the
value of a given motion trajectory enters the “cours” input.
This unit calculates the error and, depending on its value
and sign, determines the nozzle rotation angle.

The “Cours” unit includes the AUV trajectories prepared
in advance in the form of functions y(¢), which are selected
and connected alternately by the operator.

The parameters that are observed include: “Sigma” —
nozzle rotation angle, deg.; “Track” — real vehicle motion
trajectory y(¢); “V” — speed, m/s; “Q” — moment on the pro-
pulsion motor shaft, Nm; “T” — propeller thrust, N.

4.4. Modeling of autonomous underwater vehicle
trajectory motion

The research considers only trajectory motion in the hor-
izontal plane (stabilized in depth) (Fig. 6, b—d) [18].

Let us simulate the trajectory motion of the AUV
“Skarus-1” project functioning layout, with the following
characteristics:

— mass — 600 kg;

—speed — 1 m/s;

— propeller diameter — 160 mm;

— diameter of the rotary nozzle — 166.4 mm;

— relative length of the rotary nozzle — 1.0.

In the first experiment, we choose a piecewise-broken
trajectory (Fig. 4, ¢). The simulation results are presented in
Fig. 6. Speed is 1 m/s, controlled steering angle.
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Fig. 6. AUV motion along a piecewise-broken trajectory:
a — required nozzle rotation angle; b — vehicle speed;
¢ — moment on the shaft; d — propeller thrust

In the second experiment, we choose a trajectory with
obstacles avoidance. The simulation results are presented
in Fig. 7.

In the next experiment, we will model the AUV trajecto-
ry motion with rectangular tacks (Fig. 4, ¢). The simulation
result is presented in Fig. 8.
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Fig. 7. AUV motion along a trajectory with obstacle
avoidance: a — required nozzle rotation angle; b — vehicle
speed; ¢ — moment on the shaft; d — propeller thrust

40
1
o 0 SN (N U A
w
S 20 E
£ 10 > 05
2
? 0
-10 0
0 100 200 t,s 0 100 200 ts
a b
25¢
2 60
E15] z
z — 40
g 1
05 20
0 0
0 100 200 t,s 0 100 200 t s
c d

Fig. 8. AUV trajectory motion by rectangular tacks:
a — required nozzle rotation angle; b — vehicle speed;
¢ — moment of the shaft; d — thrust

As can be seen from the presented Fig. 8, the developed
mathematical model allows to investigate a number of im-
portant parameters: speed, thrust, moment — during the
AUV curvilinear motion.

5. Synthesis of the dependence of the propulsion and
steering complex thrust on the autonomous vehicle
speed, and the incident water flow angle

The developed mathematical model was used to inves-
tigate characteristics of nonlinear dependence of the PSC
thrust on the incident water flow angle (changes in the noz-
zle rotation angle to 35%) and the AUV speed in the range of
0.2-1.0 m/s (Fig. 9).

The analysis of the obtained results shows that at low
AUV speeds, the PSC thrust is practically independent of
the nozzle rotation angle. However, with the increase in the
AUV speed (flow rate), the PSC thrust decreases by essen-
tially nonlinear law.

Thus, it is deduced that the greatest deviation is ob-
served at a speed of 1 m/s and with a change in the nozzle
rotation angle by 35°. In comparison with the zero angle of
the nozzle deflection, the thrust decreases by 7.3 % (decreas-
es from 68.99 N to 50.7 N.

e S s et

20k . o ]

0 5 10 15 20 25 30 35
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Fig. 9. Diagram of the thrust dependence on the nozzle
rotation angle in the speed range [0.2...1] m/s

Using the designed model, a series of computer exper-
iments were carried out and a database, in the form of a
three-dimensional matrix, is formed. The resulting matrix
describes the dependence of the propeller thrust on the inci-
dent flow angle, and the vehicle speed.

According to the obtained data, a surface was construct-
ed, which clearly shows in which zones of velocities and
angles of the incident water flow, the most significant occur-
rence of nonlinear dependences between these variables is
observed (Fig. 10).

40
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Fig. 10. Dependence of the thrust on the incident flow angle
and AUV speed

The surface presented above is a graphical form of the
“T — V — Sigma” three-dimensional data matrix obtained in
the Simulink system, which can be used for neural network
training of the AUV automatic control system. This matrix
can be used for the PSC thrust deflection compensation and,
as a result, improvement of the underwater vehicle plane
curvilinear motion control accuracy.

6. Discussion of the results of mathematical modeling
of propulsion and steering complex operation of an
autonomous underwater vehicle in the oblique water flow

Based on the research results, it was found that the de-
veloped mathematical model allows investigating the PSC
hydrodynamic parameters, which operates in a beveled flow
with the AUV plane curvilinear motion. The presented
graphs in Fig. 9 show that a change in the nozzle rotation an-
gle significantly affects the PSC thrust, and with an increase
in the vehicle motion, the PSC thrust decreases according
to substantially nonlinear law. This can be explained by
the fact that the maximum value of the propeller thrust is



reached when the PSC operates in the coaxial flow. When
the nozzle is rotated at some angle, the propeller starts to
operate in the oblique water flow, which leads to a decrease
in the thrust force.

In this case, the AUV motion simulation on plane cir-
culation was carried out in the range of water flow velocity
relative to the vehicle hull from 0.2 m/s to 1 m/s. When
the vehicle speed is less than 0.2 m/s, the deviation of the
thrust value is rather small and is almost linear, therefore
this influence can be neglected. The mathematical model
implemented in Simulink describes an underwater vehicle
with specific mass and size parameters (subsection 4. 4.),
with the maximum vehicle speed of 1 m/s. The determined
speed corresponds to the technical specifications for AUV
creation.

It should also be noted that the simulation was carried
out for curvilinear motion with small accelerations, when the
water added masses can be neglected. Also, due to the AUV
design features, the laminar nature of the incident water
flow onto the PSC is adopted in the modeling.

In more detail, the effect of the nozzle rotation angle on
the PSC thrust can be analyzed from the graphs obtained
during the AUV trajectory motion modeling (Fig. 6-8).

As can be seen from the graph (Fig. 6, @), the AUV moves
rectilinearly for 20's, since the equipment is not deviated
from the diametrical plane of the vehicle. After 20 s, the
nozzle begins to rotate by 35°. At this time, the AUV speed
starts to decrease, and the moment on the propulsion motor
shaft increases due to the decrease in the nozzle efficiency in
the oblique water flow. Upon the nozzle reaching a rotation
angle of 35°, the vehicle performs circulation with reduced
thrust and speed, and the nozzle operates in a steady, oblique
water flow.

Similar changes in the PSC thrust are also observed in
other considered AUV flat trajectory motion modes — in
obstacle avoidance and movement by rectangular tacks
(Fig. 7, 8).

This indicates the necessity to take into account the
PSC identified functioning properties in the high-precision
control systems synthesis for AUV plane motion. The ad-
vantage of the resulting model is the possibility to take into

account the dependence nonlinearity of the propeller thrust
on the nozzle rotation angle, which describes the nature of
the linearized model dependence much more accurately. The
introduction of the “T — V — Sigma” matrix (Fig. 10) into
the structure of the AUV motion automatic control system
allows to compensate for the deviations of the thrust force
during the AUV curvilinear motion. This will improve the
accuracy of the controlled AUV motion.

It should be noted that the obtained “T — V — Sigma”
dependence is calculated for a specific type of AUV (the
characteristics of which are presented in subsection 4. 4.),
using simplified mathematical models of the vehicle and PSC
hydrodynamics and reflects nonlinear dependencies with
some assumptions.

Further obtained dependence refinement is planned to
be carried out using computational fluid dynamics packages
(for example, CFD-package “Flow Vision”) and experimen-
tations with PSCs in the research basin.

7. Conclusions

1. The AUV mathematical model is implemented in the
Simulink system for plane curvilinear motion research with
small accelerations, when the water added masses can be
neglected. The AUV model includes a PSC mathematical
model of “propeller — rotary nozzle” type, which operates in
the oblique water flow.

2. A research of AUV functioning was carried out for
three plane trajectory motion modes — piecewise-broken
trajectory, obstacle avoidance trajectory, and trajectory on
rectangular tacks. The PSC thrust dependence on AUV
motion and rotary nozzle deviation angle is shown. It was
shown that the thrust maximum deviation at a speed of
1 m/s and a nozzle deviation angle of 35° reaches 7.3 %.

3. Based on the simulation results, a three-dimensional
surface, “PSC thrust — water flow velocity — nozzle rotation
angle”, is constructed. The resulting three-dimensional sur-
face can be included in the AUV automatic control system
for the PSC thrust precise control during plane trajectory
motion.
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