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Abstract. In this paper, the research of hydrodynamic characteristics of a rotary screw col-
umn in the propulsion and steering complex (PSC) of an autonomous uninhabited underwater
vehicle (AUV) is being carried out. These characteristics include: the change of the propeller
thrust force and the force on the propeller shaft, during the change in the incident flow angle.
To obtain the required characteristics, the method of mathematical modeling of the AUV
plane motion in the Simulink system was applied. The improved mathematical model of the
vehicle rectilinear motion was performed by supplementing its equations, which allows to
simulate the operation of the PSC, “propeller—rotary nozzle”, in the downwash water flow.
The propeller operation design in the guide nozzle in a direct and downwash water flow at
the underwater vehicle different speeds is carried out. Vehicle speed and shaft speed graphs
were obtained. The dependences of the change in propeller thrust force on incident flow angle
are plotted for various underwater vehicle traverse speeds. The possibility of accounting for
the significant nonlinear dependence of the propeller thrust force and the propeller shaft force
on the incident flow angle is the scientific novelty. Practical significance of the work lies on
the possibility of improving the AUV control quality by compensating for the changes in the
propeller thrust force and force on the propeller shaft. It will be particularly relevant to use
the obtained characteristics in the development of control systems for AUV trajectory motion.

Keywords: mathematical modeling; autonomous uninhabited underwater vehicle; propul-

sion and steering complex; rotary screw column.

Anoranis. JlociipkeHi ripoJuHaMiuHl XapaKTepPUCTUKN OBOPOTHOI IBUHTOBOI KOJOHKH
y ckiafi pyuriHo-ctepHOoBOT0 KoMIutekcy (PCK) aBTOHOMHOTO HEHACENeHOTO ITiJBOAHOTO
anapara (AHITA). Jlo Takux XapakTepHCTHK HajexaThb: 3MiHa YHNOpy rpeOHOro TBHUHTA Ta
3yCHIUIsl Ha TPeOHOMY Bally MpH 3MiHI KyTa IIOTOKY, 110 HaOirae. /Iyt oTpuMaHHsT HEoOXij-
HUX XapaKTEPUCTUK 3aCTOCOBAHO METOIMKY MaTeMaTHYHOTO MOJICIIOBAHHS IIOCKOTO PyXy
AHIIA B cucremi Simulink. Ynockonanena mareMarudHa MOJEb MPSIMOJIHIHHOTO PyXy
amapara JTOTIOBHEHHSM ii PIBHAHHAMH, IO JO3BOJISAIOTH iMiTyBatu poboty PCK «rpebumit
I'BHHT—TIOBOPOTHA HAcajiKa» y CKOIIECHOMY moToui Boau. [IpoBeeHo MoaentoBanHs poOOTH
rpeOHOro rBUHTA B HAIIPABIISIFOYiM HACA/IL Y TPSIMOMY 1 CKOIIIEHOMY ITOTOKaX BOJH 3a Pi3HOT
IIBUIKOCTI PYXYy MiABOAHOTO amapaTta. OTpuMaHo Tpadik MIBUAKOCTI pyXy amapara Ta rpadik
yacToTn o0epranHs Baja. [100yoBaHO 3aJ1€KHOCTI 3MiHH YIIOpYy rpeOHOTO TBUHTA Bifl KyTa
MTOTOKY, 10 Habirae, UIs pi3HUX MBUAKOCTEH pyXy mmigBomHOTrO amapara. I[loGymoBaHo 3a-
JISKHOCTI 3MIHM MOMEHTY Ha BaJly I'peOHOr0 'BUHTA BiJ] KyTa IIOTOKY, 1110 Habirae, st pi3HUX
LIBUAKOCTEH pyXy IiJBOAHOrO amapara. HaykoBOIO HOBHM3HOIO € MOXIIMBICTH ypaxyBaHHs
3HAYHO{ HENIHIHHOCTI 3aJIeKHOCTI CHIIM YIOpy TpeOHOro TBHHTA Ta 3yCHJUIL Ha TPeOHOMY
BaJly BiJl KyTa MOTOKY, 110 Habirae. [IpaktnyHa 3HaYMMICTh POOOTH TOJISITAE Y MOXKIIMBOC-
Ti OKpateHHs skocTi kepyBanHs AHIIA 3a paxyHok koMmeHcamii 3MiHH ymopy rpeOHOTO
T'BHHTA Ta 3yCHJUIS Ha rpeOHoMYy Basry. OcoOnmBO akTyaabHUM Oy/Je BUKOPUCTAHHS OTpHMa-

HUX XapaKTEPUCTHUK 1]l yac po3poOKH CUCTEM KepyBaHHs TpackTopHUM pyxom AHITA.

KutiouoBi ciioBa: MaTeMaTHyHe MOIETIOBAHHS; aBTOHOMHUI HEHACEICHHUI IMiIBOIHUI ara-

par; pyIIiiHO-CTEpPHOBHI KOMIUIEKC; TOBOPOTHA TBUHTOBA KOJIOHKA.
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AnHoTanus. VccrnenoBansl THAPOJUHAMUYECKHE XapaKTEPUCTUKU TOBOPOTHOI BUHTOBOH KOJIOHKHU B COCTaBE JIBU-
XKHUTENBHO-pyneBoro komrutiekca (JJPK) aBronomHoro neoburaemoro noasoxHoro ammapara (AHITA). K rakum xa-
PaKTEpUCTHKAM OTHOCSATCS: M3MEHEHHUE yropa TpeOHOro BUHTA M YCHIIHMS Ha TPEOHOM Basly NMPH W3MEHEHHMHU yIa
HaOeraromero moroka. Jlyis mosydeHus HEOOXOAMMBIX XapaKTePHCTHK MPUMEHEHa METO/IMKa MaTreMaTHYeCKOTo
MozenpoBanus miockoro newkeHust AHITA B cucteme Simulink. YcoBepuieHcTBOBaHa MareMaTnieckasi MOJIEb
MIPSIMOJIMHEHHOTO JIBU)KEHHMS alapara JO0IO0JIHeHHEM ¢ YPaBHEHUSIMH, MO3BOJISIIOIMMU UMUTHpOBaTh padoty JIPK
«rpeOHOI BUHT—TIOBOPOTHAsI Hacajka» B CKOIIEHHOM TOTOKe BOJbL. [IpoBeneHo monenupoBaHue paboThl rpeOHOTO
BHHTA B HaNpaBJIAIoOIIel Haca ke B IPSIMOM U CKOIIEHHOM IMOTOKaX BOJBI IPU Pa3NUYHON CKOPOCTH JBIKEHUS MO
BOJHOTO arnmnapara. [loiydeno rpauk CKOpoCTH IBH)KEHHMS anmapara u rpaduk 4acToTsl BpaiieHus Baia. [loctpoeHst
3aBUCHMOCTH U3MEHEHUS yIIopa rpeOHOro BUHTA OT yIvIa HaOErarolero noToka JAJisl Pa3iIMYHbIX CKOPOCTEH IBHKEHUS
MOZIBOIHOTO anmnapara. [locTpoeHsl 3aBUCHMOCTH U3MEHEHUSI MOMEHTA Ha Bally IpeOHOro BUHTA OT yIJla Haberarolie-
TO MOTOKA [T Pa3JIMYHbIX CKOPOCTEN IBUKEHUS IOIBOJHOrO anmnapara. HayuHol HOBU3HOM SIBJII€TCS BOSMOXHOCTh
yueTa 3HaYNTeIbHOW HEIMHEHHOCTH 3aBUCHMOCTH yIlopa TpeOHOTO BHHTA M yCWIJIMSI HA IpeOHOM Basly OT yriia Ha-
Oeratoriero rmoroka. [Ipakruyeckas 3Ha4MMOCTh pabOTHI 3aKITIOYACTCSI B BO3MOYKHOCTH YIYUIICHUS Ka4eCTBa yIpaB-
nennst AHITA 3a cuet koMIIeHcaIu U3MEHEHHS! CUITBI YIIOpa rpeOHOT0 BUHTA M ycHuns Ha rpeOHoM Bairy. OcoOeHHO
aKTyaJIbHO Oy/IeT MCITOJIb30BaHUE MONYYSHHBIX XapaKTePHCTHK NMPU pa3pabOTKe CHCTEM YIPaBICHHUS! TPACKTOPHBIM
JIBIDKEHHEM aBTOHOMHBIMH amapaTaMu.

KiroueBble cjioBa: mMaTeMaTHYecKoe MOACIIMPOBAHUC, aBTOHOMHBIM HEOOMTAEMBIi HOILBOHHBIﬁ armapar; ABHUXKH-
TeJILHO-pyHCBOﬁ KOMIUICKC; TIOBOPOTHAsA BUHTOBAs KOJIOHKA.
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Problem statement. Nowadays, scientific research,
emergency rescue, operational, industrial and other
vehicles are created or developed, which differ con-
siderably in appearance, overall dimensions and pur-
pose, as well as in the principle of motion and control
stabilization.

However, all varieties of AUV combine the general
property of having the ability to move freely under water
in one way or another distant (remote) from the surface.

The forces acting on the AUV during motion de-
termine its dynamics and significantly affect the con-
trollability of the vehicle. Only having the full infor-
mation about all the forces affecting the vehicle, as
well as means of controlling them, can one determine
the conditions under which all the dynamic condi-
tions of the AUV that satisfy the given conditions
are possible. That is why recently, increasing atten-
tion has been paid to the research and improvement
of the AUVs PSC.

For the implementation of many rescue, search or
even military operations, the given mission execution ac-
curacy plays a very important role. At the same time, the
vehicle stabilized motion accuracy on the given trajec-
tory plays an important role. To achieve maximum ac-
curacy, it is necessary to take into account all the forces
affecting the vehicle during motion. To achieve the task
and reduce its cost, it is expedient to apply the vehicle
motion mathematical modeling, while conducting re-
search on the necessary hydrodynamic characteristics.

At this stage of development of underwater technol-
ogies, increasing attention is paid to the “screw—swivel
nozzel” propulsion-steering system. This propulsion and
steering system has quite effectively proved itself for
AUV. However, when changing the vehicle motion tra-
jectory, its hydrodynamic characteristics change. There-
fore, it is very important to be able to research them in
mathematical modeling.
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Latest research and publications analysis. An
AUV, operating in trajectory mode, dynamically chang-
es its trajectory, which significantly distinguishes this
motion by many characteristics from the rectilinear. An
overview of the literature on the AUV trajectory motion
indicates the existence of a number of problems solved
by the authors in the development of intelligent control
systems for various types of underwater vehicles (ro-
bots). Having analyzed the most common problems that
are currently being solved by AUVs, they note: mapping
and review; search operations; study of specified objects
and anomalies; underwater position illumination; com-
plex research operations and group operations [1; 2]. It
should be noted that the scope of these tasks is constantly
expanding [3-6].

At the same time, the authors [7-9] pay attention to
the different types of AUV motion trajectories when per-
forming various missions. The following typical modes
of the AUV motion trajectories are distinguished: in
a straight line — with stabilization on the course, depth,
height above the ground; tacks — triangular, rectangu-
lar; on a flat curve — on a spiral, on a piecewise broken
trajectory, motion along a curve with distance control;
height stabilization — along the horizontal structures;
displacement stabilization — along the vertical struc-
tures, etc. [10].

The parameters determining the operating conditions
of the AUV PSC are influenced by the additional hydro-
dynamic forces and moments that appear on the vehicle
hull during the AUV maneuver motion [10-12]. Many
authors are drawing attention to the need for a more
detailed research of changes in the PSC hydrodynamic
characteristics [13—15].

The author [16] noted that the optimal diameter of
the propeller nozzle is about 10 % less than the opened
one, which reduces the weight and cost of the propeller.
The nozzle reduces the probability of the screw being ex-
posed to disturbances and its damages.

Having analyzed the development tendencies of
modern steering complexes, it can be concluded that
“propeller—rotary nozzle” complex has a number of ad-
vantages over other types of PSC, for example, such as
“rudder screw” [17; 18].

The “propeller—rotary nozzle” complex has a num-
ber of specific features associated with the nozzle effect.
Circulation of velocities occurring around the nozzle
profile accelerates the development of the propeller flow
axial velocity and reduces the load on the propeller, by
translating the center part of the complex onto the nozzle.
When the complex is operating in the oblique flow, the
nozzle forms a velocity field in front of the propeller,
aligns it and makes it practically coaxial, maintaining the
magnitude of the leakage rate [19].

The analysis carried out shows that today, the rel-
evant question is taking into account the nonlinear
peculiarities of the PSC operation in the oblique in-
cident flow conditions, since this mode can be con-
sidered the AUV main maneuver operation mode
[20; 21].
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At present, mathematical modeling is an effective
tool for the research of marine moving objects and pro-
vides the opportunity to obtain the necessary data with-
out significant costs. This research method is used for
modeling the operation of the rotary column of a marine
drilling vessel, for the research of moment (torque) and
thrust in the development of PSCs, for the research of
the self-propelled underwater vehicle spatial motion
[22], during the development and optimization of AUV
control systems parameters [23; 24]. The accuracy of the
result, in this case, will depend entirely on the complete-
ness of the accountable parameters of the mathematical
model [25-27].

One of the most commonly used mathematical mod-
eling tools is the MATLAB application package. In this
system, there are sufficiently simple tools for solving
object-oriented programming tasks [28]. A set of MAT-
LAB and Simulink products allows the creation a model
for virtually any system. It is due to these advantages that
many authors use the MATLAB application packages
[29-31].

The paper [32] presents the mathematical model of
the AUV PSC, which allows the research the dynamics of
the rotary nozzle operation, but in the terms of processes
linearization. LV Kiselev, in his work on the study on the
dynamics of the work of driving complexes, also propos-
es to use mathematical modeling with the construction
of the vehicle three-dimensional visualized model based
on the design scheme of the Solid Work project, and the
use of Symbol Toolbox Matlab for the construction of
transient processes in AUV spatial motion.

Separation of previously unsolved parts of the
general problem. The above analysis of scientific pub-
lications indicates that the main researches of the AUV
dynamics are related to their rectilinear motion, or us-
ing the linearization of controlled parameters. The ques-
tion of the AUV curvilinear motion dynamics, which is
caused by the rotary nozzle operation in an oblique flow,
is insufficiently covered in modern literature. The vast
majority of articles are devoted to the research of the pro-
peller column dynamics as an additional control propel-
ler for vessels or marine platforms. Separate publications
examine the work of the AUV PSC with the propeller
in a fixed nozzle, which only causes rectilinear motion.
Some foreign articles describe similar researches, but in
the presence of their laboratory equipment. Therefore,
the research of the propeller hydrodynamic characteris-
tics in the guide nozzle with the AUV curvilinear motion
mathematical modeling, taking into account the process-
es nonlinearity, is of the current relevance.

THE ARTICLE AIM is to develop a mathematical
model of the propeller operation in the guide nozzle in
the direct and oblique flow, and make research, in the
Simulink system, on the changes in its power character-

istics when the AUV is moving in the horizontal plane.

Methods, object and subject of research.
In this work, it is proposed to investigate the AUV
curvilinear motion dynamics, which is due to the rotary
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nozzle operation in the oblique flow due to the improve-
ment of the underwater vehicle rectilinear motion math-
ematical model.

Mathematical modeling is an important tool for the
research of the changes in the PSC power characteristics
in course of AUV maneuvering and for the of automatic
control systems elements synthesis, which involves the
use of the AUV mathematical models as a control object
[33].

The mathematical model of rectilinear motion along
the x-axis is presented below. AUV moves under the ac-
tion of the propeller thrust through a gearbox driven by
the main electric propulsion motor. Controlled encap-
sulated DC (direct current) electric motors with parallel
excitation are commonly used as propeller motors on the
AUV.

The mathematical model of the control object has the
form [20]:

LﬂzKuux—raz— q)co,
dt k,
do c® . KopD’
Ips——=Mpy —Q=——i- ¢ 2 o’
t o 4n

X 2 .
= 471:2 Vx _FDx’
d
oy,
dt

where i is the instantaneous value of the main propulsion
motor armature current, #, K are the voltage regulator
control signal and its gain factor, respectively; L, r, ¢, ©
are the electromagnetic parameters of the main propul-
sion motor; ® represents the propeller angular speed; kp
is the gear ratio J,, — the moment of inertia of the “pro-
peller electric motor—gearbox—shafting—propeller screw”
system applied to the screw; M, = c<I>i/kp is the driv-
ing moment of the propeller (main propulsion) motor;
Q represents the braking torque generated by the AUV
PSC propeller; K o is the non-dimensional non-linear co-
efficient characterizing the torque of the propeller; p is
the water specific density; D represents the propeller’s
diameter; m ,, A_are the AUV mass and the water added
mass; V_is the AUV current motion speed along the x
axis; T is the driving propeller’s thrust; K is the dimen-
sionless non-linear coefficient characterizing the propel-
ler’s thrust; F/_= pC QV ?/2 is the water resistance force
to AUV movement C_is the AUV hull hydrodynamic
coefficient along the x axis; Q — the area of the wetted
surface of the AUV outer hull; /7, is the external distur-
bance force acting on the AUV hull as it moves along
the x axis.

The object of the research is the “propeller—rotary
nozzle” in the composition of the AUV PSC. Such a
complex is installed on the rotary column, which ensures
the rotation of the complex in an arbitrary position rela-
tive to the vehicle position, and provides switching at a
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given angle. The design of the “propeller—rotary nozzle”
complex is carried out on the basis of simultaneously sat-
isfying the requirements of mobility and controllability
of the vehicle.

The subject of the research includes the hydro-
dynamic parameters of the PSC, which operates in the
downwash water flow during the AUV curvilinear mo-
tion. The parameters under research include the propul-
sive (thrust) force of the mushroom screw and the torque
on the shaft.

The propeller thrust force 7 along the shaft axis, and
also the torque Q on the shaft, are determined by the for-

mulas:
o )
=pD*| —
P (2n) g
2
4 b 2nv r
x | —=C, | —|x R 1—st dl—|;
,,,J/R4 y[Dj [DCOJ cosp, (1-ztgB,) [R]
Q:pDS(gjzx
2n

Lo, 5 ) 5 |
erJ;R K C, (Bj (%)[ Z)\;)R J sinf3; (1 —ectgP;)d (%j

The integrals in the above formulas are called the
propeller thrust coefficient K, and the screw torque coef-
ficient K, respectively. These coefficients are presented
in the form of the propeller action curves and character-
izes the thrust and mozment in various scgew operation

o
modes: T =KypD*—; Q=K,pD’
7 42 O 4n

the specific density of water; ® — angular velocity of
rotation; D is the screw diameter.

— where p is

Basic material.

Mathematical model of “propeller— rotary nozzle”
operation

When constructing AUVs, the propellers (PS) in the
nozzles are used for propulsion and control means. Such
a complex is installed on the rotary column, which pro-
vides the rotation of the complex relative to the vehicle
position, and provides a turning angle of 0 degrees to 360
[13].

As a result of the change in the propeller incident
flow angle, the hydrodynamic characteristics of the PSC
vary considerably. Thus, when the nozzle is shifted to an
angle § , the symmetry of its flow around the motor is
broken, which leads to the appearance of the flow veloc-
ity (7 component, the average direction of which can be
taken perpendicular to the nozzle axis. Then, the com-
plex flow axis, according to equality U. 5= =U- U devi-
ates from the propeller shaft axis in the same dlrectlon
as the nozzle at a certain angle § . This angle depends
on the nozzle relative length I, and can be expressed as
follows:
5.=6,0,

c

=(1-a,3,)3,,
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where a is the coefficient of approximation, which for
nozzles without a stabilizer, is determined by the expres-
sion:

a, =0,04838-0,067865 [, +0,023328 1.°.

The design of the “screw—rotary nozzle” complex
is based on the simultaneous satisfaction of the require-
ments of mobility and controllability of the vehicle. The
diameter of the PS, the coefficients of the expansion of
the nozzle are determined from the calculation of mobil-
ity, and the relative length and size of the nozzle — from
the requirements of controllability. If the optimal relative
length of the running nozzle is 0.55-0.65, then the rela-
tive length of the rotating nozzle is increased to 0.8—1.0
[12]. Structurally, the complex is shown in fig. 1.

The relative length of the nozzle is determined as
follows:

At the transfer of the nozzle (Fig. 2), the complex
thrust P; is divided into two components: the reaction
deviated at the angle §_of the flow £, and the additional
reaction R’S that occurs when the part of the flow runs
over the deflected profile of the rotary nozzle. Therefore:

BB R, (M
Designing equality (1) on the diametrical and hori-

zontal plane (see fig. 2) allows to obtain the following
result [13]:

P. =P, cosd, :PK(l—sin2 (6,5, )), 2)

P, = Bsind, = P.sin(6,3,)cos(6,8,).  (3)

Then

B =\(R) +(PB). @)

Due to the increase in the stop force, as the angle of
flow changes, so does the effort on the propeller shaft.

In this case, the torque on the propeller shaft can be
defined as follows [14]:

My, =M (1+sin (0,8,)), (5)

where M is the torque of the screw in the coaxial flow.

Thus, by adding the mathematical model of the AUV
rectilinear motion [7] with the formulas presented above,
the model of the AUV horizontal motion is obtained with
the propeller in the nozzle for flat circulation.

General characteristics of the developed model

The control object in the horizontal motion mode is
considered as a solid body (AUV hull), which moves un-
der the thrust action of the horizontal propulsion, driven
by a propeller DC electric motors with independent ex-
citation. Control is performed by applying to the motor
armature an appropriate supply voltage U = K u, where
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K is the voltage source gain factor, u is the required volt-
age value. A mathematical model of the control object is
presented in [7; 15].

To simulate the AUV motion and research the sys-
tems being created, the Simulink environment of the
MATLAB 2010a environment is used. On the basis of
AUV mathematical models and PSC of “propeller-rotary
nozzle” type, a Simulink-model was created that simu-
lates the AUV movement in a horizontal plane on a flat
circulation.

The general view of the model is presented in Fig. 3.

To implement the nozzle rotation at any installation
angle to the model a “sigma” block was added to the
model (Fig. 4). This block simulates the smooth rotation
of the nozzle at the operator-specified angle and keeps it
at a given position. The connection of this block provides
the possibility of simulating the AUV movement on a flat
circulation in the horizontal plane.

Figure 5 shows the structure of the main “AUV
model” block. The “Equationl”, “Equation2”, and
“Equation3” blocks, in the form of recurrent equations,
implement the AUV motion mathematical model in the
horizontal plane, PSC which consists of a propeller op-
erating in a coaxial flow. A detailed description of the
operation of these blocks is presented in [7], [15]. The
structure of the “Subsystem1” block is presented in fig. 6.

The “Subsystem1” block is conditionally divided
into two parts (see Fig. 6). In the first part, calculations
are made of the propeller thrust force value T along the
shaft axis and the torque Q on the shaft according to the
following formulas [7]:

2 2

(O] 5 @
0 A

_ 4 .
T=KpD s

LI)

Fig. 1. Propulsion and steering complex, “screw—rotary nozzle”:

D is the inner diameter of the nozzle; Dgis the screw diameter;
L, is the nozzle length

B

B, PSaxis

Fig. 2. Diagram of the forces generated by the propulsion dur-
ing the nozzle shifting
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where p is the water specific density; o represents the
propeller angular speed; D is the diameter of the screw.

The coefficients K, K , represent the screw thrust co-
efficient and the screw torque coefficient, respectively.
These coefficients are presented in the form of the pro-
peller action curves and characterize the thrust and torque
when the screw operates in a coaxial flow [7].

The second part of the block is designed to simulate
the PSC “propeller—rotary nozzle” operation, and imple-
ments the equations (2)—(5) presented above. The func-
tions Fen, Fenl, Fen2, Fen3 in the Simulink system are
implemented by the following formulas:

Fen: T, =u(l)-(1-sin(u(2)-0,6) (2),
Fenl: 7, = u(l)-sin(u(2)-0,6)-cos(u(2)-0,6),
Fen2: T = sqre((u(l)* (2)) + (2)* (2)),

Fen3: 0 =u(2)-(1+ (sin(u(1)-0,6) * (2))).

Atthe block input, data are received about the current
propeller rotational speed values and the vehicle speed.
At the output, we have the listed values of the propeller
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thrust force 7 and the torque Q on the shaft, which cor-
respond to the propulsion and steering complex operation
in the incident flow.

Results

To test the performance of the developed mathemati-
cal model and its Simulink implementation, we will carry
out research on the effect of the obliquely flow of wa-
ter incident on the PSC of the “propeller—rotary nozzle”
type, for AUV with the following characteristics:

mass — 60 kg;

travel speed — 1 m/s;

propeller diameter — 160 mm;

diameter of the rotary nozzle — 166.4 mm;

the relative length of the rotary nozzle — 1.0.

Figure 7 shows the result of the operation of the sig-
ma block.

In fig. 8 the result of simulation of AUV movement,
at a speed of 1 m/s is presented.

Discussion of the received results. Consequently,
according to the results of the work, it is evident that the
developed mathematical model gives an opportunity to
study the hydrodynamic parameters of the propulsion

3
Sigma, deg
30
20
10
0
0 2
Fig. 7. Change in the nozzle rotation angle
h
V, m/s : :
| A FHS
0.8} A ............
0.6} A, ............
e reeres SUE: S
1 | o SRR SRR
0 2 4 6 t,s

t, s

)

Fig. 8. Simulation results of AUV movement on flat circulation:

a — speed diagram; b — shaft rotational speed diagram; ¢ — diagram of propeller thrust change; d — graph of the torque on the

shaft
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and steering complex, which operates in the downwash
flow during the AUV plane curvilinear motion. It is seen
from the presented graphs that the change in the nozzle
rotation angle significantly affects all the AUV con-
trolled parameters.

In this case, AUV motion simulation on a flat cir-
culation at a speed of 1 m/s was carried out. When the
specified value is reached

The graph (see fig. 7) shows that the vehicle begins
to move in a straight line, after some time, the nozzle is
rotated through an angle of 35". When the specified value
is reached, the vehicle starts circulation with a constant an-
gle. Further, the AUV starts operating in the oblique flow,
that is incident to the propeller. Due to the change in the
flow angle, the propeller thrust force changes (see fig. 8),
the force on the propeller shaft increases, and the vehicle
speed decreases. The obtained result indicates that this
maneuver will negatively affect the accuracy of the AUV
trajectory movement. Therefore, in the control system syn-
thesis of the AUV trajectory motion, it would be desirable
to compensate for this effect. Using the presented model,
it is possible to obtain a data sample — the dependence of
the change of the propeller thrust on the vehicle movement
speed and the incident flow angle. This dependence will
have a substantially nonlinear character and can be taken
into account in the AUV control system synthesis.

In the work of Gladkovoy A.L. and V.Veltishchev,
the results of modeling the AUV PSC dynamics obtained

Cnucok aitepatypu
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in the Simulink MATLAB system are presented. How-
ever, these results were obtained in the absence of non-
linear effects. To correct the influence of the nonlinearity
characteristics of the mushroom screw, it is proposed to
choose the value of the input signal that will bring the
output signals to a linear form.

One of the advantages of the work I presented is the
consideration of the inconsistency of the propeller opera-
tion characteristics, embedded in the AUV mathematical
model [20; 22].

CONCLUSIONS. 1. The AUV dynamics model has
been improved by supplementing its mathematical mod-
el with equations describing the PSC “propeller—rotary
nozzle” operation.

2. A mathematical model of functioning AUV pro-
pulsion and steering complex of the type “propeller—ro-
tary nozzle” in the incident flow was developed and was
simulated in the Simulink system to change the power
characteristics on the AUV flat circulation in the hori-
zontal plane.

3. It has been established that the thrust of the AUV
PSC of the “propeller—rotary nozzle” type in the oblique
incident flow is nonlinear depending on the water flow
angle and the AUV speed.

4. The dependences obtained can be taken into ac-
count in the synthesis of the automatic control systems
regulators for AUV flat manuevring (shunting) movement.
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