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PO3A1JI 2. METOAU JOCJIIKEHHSA KEPOBAHOI'O PYXY
I'PYIIU ABTOHOMHUX HEHACEJIEHUX IIABOAHUX AITAPATIB

CHAPTER 2. AUTONOMOUS UNDERWATER VEHICLES
GROUP CONTROLLED MOTION RESEARCH METHODS

2.1. llonepenHi 3ayBaxkeHHsI

2.1. Preliminary remarks

Jis ycminrHoro po3s’sizaHHs c(hOpMyITbo-
BaHMX 3a/a4 IOCIIKCHHs, B TEPILy Yepry,
HEOOXiTHO BHKOHATH CHHTE3 CHCTEMHU aBTO-
MaTHUYHOTO KEpPYBaHHS PYXOM OJMHOYHOTO
AHITA B ymoBax HaBiramiiHoi OJM3BKOCTI
iHmmx AHITA #ioro rpymu. Ile 3a0e3nednth
Oe3neynmii pyx KoxkHOTO OKpemoro AHITA
IpymH B yCiX pekuMax 11 (QyHKI[IOHYyBaHHS
IIPY BUKOHAHHSI TiABOJHOT Micii.

Jpyroto 3aaueto € po3podKa aHATI THYHUX
3aNIeKHOCTEH, SKi OMHMCYIOTh OpraHi3aliio
rpynoBoro pyxy AHIIA, mo mae ytBoputH
TEOPETUYHY OCHOBY TMOOYIOBU CHUCTEM aBTO-
MaTHYHOTO KEPYBaHHS IX TPYHOBHUM PYyXOM
IIPY BUKOHAHHI MOIIYKOBUX MiCIiH.

HapemTi, TpeThoro 3a1a4€t0 J10CIiKSHHS
€ po3poOka Ta OOIPYHTYBaHHS KEPOBAHOTO
MPOIIeCy MIaHYBaHHS Ta BUKOHAHHS MOPCHKOT
MOUTYKOBOI OIepariii 3 BUKOPUCTAHHSIM TPYITH
AHIIA, 1o Mae migBUIINATH MPOILYKTHBHICTh
MOITYKOBUX ITiJIBOJHUX POOIT MpH iX MpoBe-
JICHHI Ha BiZJAJICHUX aKBaTOPIsIX.

[TepeBipky eeKTHBHOCTI PO3B’S3KYy BKa-
3aHUX TEOPETHYHHX 33134 JOIILHO BUKOHY-
BaTH IUITXOM MOPCHKOTO HATYPHOTO EKCIIepH-
MEHTY, 3aJIy4MBIIH OJUH (IJ1s IepIIOi 3a1a4i)
Ta JeKiIbKa (st Apyroi 3amadvi) MiJABOIHUX
armapartiB, BCTAHOBHBIIM HA HUX CHHTE30BaHI
CAK BiAMoBiAHOTO MPU3HAYCHHSI.

OjiHaK, opraHizaiis i MPOBEICHHS MOp-
ChKUX HATYpPHHMX €KCIIEPUMEHTIB Ha Leil
yac € CKJIaJHOK OIepaliero 3 TEeXHIYHOI
TOYKHU 30py 1 BUCOKOBAPTICHOIO 3 MO3ULIHN ii
(hbiHaHCYBaHHS.

3a3Buuai, Mg TaKuX IMEPEeBIPOK ITOCITIJ-
HUKA MOPCBKOT POOOTOTEXHIKH IIHUPOKO
3aCTOCOBYIOTh METOJI KOMIT IOTEPHOTO €KCIIe-
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In order to successfully solve the research
formulated tasks, first of all, it is necessary
to perform the automatic control system
synthesis for the single AUV motion in the
conditions of the navigational proximity of
other AUVs of its group. This will ensure the
safe movement of each individual AUV of the
group in all modes of its operation during the
performance of an underwater mission.

The second task is to develop analytical
dependencies that describe the AUV group
motion organization, which should form
the theoretical basis for the construction
of automatic control systems of their
group motion when performing search
missions.

Finally, the third task of the research
is the development and substantiation of a
controlled process of planning and execution
of a marine search operation using the AUV
group, which should increase the underwater
search operations productivity during their
execution in remote waters.

It is expedient to check the efficiency of
the specified theoretical problems solution
by means of marine full-scale experiment,
involving one (for the first task) and several
underwater vehicles (for the second task),
installing on them the synthesized ACS of the
appropriate purpose.

However, the organization and conduct
of marine field experiments at this time is a
complex operation from a technical point of
view and high-value from the standpoint of its
financing.

Typically, for such tests, marine robotics
researchers widely use the method of computer
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PUMEHTY, TOOTO JOCIIJKCHb MaTeMaTHYHOI
MoielTi 00’ ekTy 3a noroMororo EOM [60; 61].
CyTHICTh KOMIT FOTEPHOTO ~ EKCIICPHMEHTY
MOJIATAaE B TOMY, II0 €(EKTHUBHICTb pO3po0dIie-
Hux CAK mepeBipseTbesl IUBIXOM HU(PPOBOTO
MOJICIIIOBaHHS TPOLIECIB KEPOBAHOI JTUHAMIKU
AHITA 3 BUKOpUCTaHHSIM MaTeMaTUYHUX MOJIe-
JIeid, SIKi OMHUCYIOTh B3a€MOJIIFO IT1IBOJHOTO aria-
para 3 HaBKOJIHIIIHIM BOJJHUM CEPEIOBHIIIEM.

[Tpn oMy, B EOM mporpamHuo peasisy-
I0ThCS ¥ cuHTe30BaHi perymsitopu ta CAK
AHIIA y 1iij10My, 110 CYTTEBO CKOPOYYE MPOIIECH
MepeBipKH ePEKTUBHOCTI iX (DYHKITIOHYBaHHSI.

JaHnii BUJ €KCIEPUMEHTY MOYKHA JIMILE
YMOBHO BiZTHECTH JI0 €KCIICPIMEHTY, OCKLTbKH
BiH HE BiZI0Opa)kae MPUPOJIHI SBUIIA, a JIUIIE
€ YHCENTLHOI0 PealTi3alli€ro CTBOPEHOT TOCTijI-
HUKOM MaTeMaTH4YHOI MOJIelli 00’ €KTy JIOCIHi-
JokeHHs. ToMmy HipK4e y poOOTi HaBOAATHCS
maremarnuHi mozaem AHITA Tta iX eaeMeHTiIB,
JIOCTOBIPHICTD SIKMX HEpeBipeHa Ta MiATBEp-
JOKEHA TPHUBAIIUM YCIIIITHUM 3aCTOCYBAHHSAM
sk y HamioHaibHOMY yHiBepcHTETI Kopabiie-
OyayBaHHsI iMeHI aamipana MakapoBa, Tak i
3apyOi’>KHUMHU YYCHUMHU.

PazoMm 3 THM BiZmOMO, IO METOJ KOMII TO-
TEPHOTO EKCIECPUMEHTY Halae Pe3yibTaTH 3
NeSIKUM HaOJMDKCHHSIM, OCKIUTBKH TTOKJIAICH]
B MOro OCHOBY MaTeMaTH4Hi Mojeii 00’ €ekTy
KepyBaHHsI He TIOBHICTIO BPAaXOBYIOTb BC1 HOTO
0COOJMBOCTI, SIKI MalOTh MICIIE TIPU peasbHii
ekcrutyarartii [62]. Tomy B poOOTi 1t OXHOTO
3 HAWOUIBII CKIIAJHUX PEKUMIB POOOTH CHH-
tezoBanux CAK mepenbaucHO NpoBenCHHS
MOPCBKOTO HATYPHOTO €KCIIEPUMEHTY.

PosmissHeMo ocoOnuBOCTI oprasizarii i
3aCTOCYBaHHS BKa3aHUX METOIIB.

experiment, i.e. the mathematical modelling
study of the object using a computer [60; 61].

The essence of the computer experiment
is that the effectiveness of the developed
ACS is tested by digital modeling of the
AUV processes dynamics control using
mathematical models that describe the
underwater vehicle interaction with the
aquatic environment.

At the same time, synthesized
regulators and AUV ACS as a whole are
programmatically realized in the computer
that considerably reduces the check processes
of their functioning efficiency.

This type of experiment can only
be conditionally be classified as an
experiment, because it does not reflect the
natural phenomena, but only a numerical
implementation of the research object
mathematical model created by the researcher.
Therefore, the AUV mathematical models and
their elements are given below, the reliability
of which has been verified and confirmed by
long-term successful application both at the
Admiral Makarov National University of
Shipbuilding and by foreign scientists.

However, it is known that the method of
computer experiment provides results with
some approximation, because the underlying
mathematical models of the control object do
not fully take into account all its features that
occur in real operation [62]. Therefore, in the
work for one of the most complex modes of
operation of the synthesized ACS provides for
a marine field experiment.

Consider the features of the organization
and application of these methods.

2.2. OcHoBHI cKJ1a/10Bi MaTeMaTH4YHOI Moaei onuHo4YHOro AHIIA rpynu

2.2. The main components of the mathematical model of a single AUV of the group

MareMaTHyHe MOJICITIOBAHHS € C(EKTHB-
HHUM THCTPYMEHTOM Jis JociimkeHast AHITA,
OCKUTbKM HATYpHI E€KCIIEpUMEHTH 3 TaKUMU
CKJIQJHUMH 00’ €KTaMU BHMAararoTh BEJIMKHX
MarepialbHUX PecypciB, 3HAUHUX (hiHAHCO-
BHX Ta OpraHi3aliiHuX BUTpaT [63; 64].

Mathematical modeling is an
effective tool for the AUV research, as
field experiments with such complex

objects require large material resources,
significant financial and organizational costs
[63; 64].
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3a3Buuaii, MaremMaTH4HE MOJCITIOBAHHS
kepoBaHoro pyxy AHITA mnpexacraBnsoTs
CYKYIHICTIO HACTYNHHX 1H(QOpMAIIHHUX,
CJIEKTPOMEXAHIYHUX Ta TiJPOMEXaHIYHHX
CHCTEM SIK CKIIQJIOBHX MaTeMaTUYHOI MO
00’€KTy KepyBaHHS, IO B3aEMOJIIOTH MIiX
co0or0:

— iH¢opmariitna cucrema (IC) AHITA —
ceHcopu npoctoposoro crany AHITA Ta iforo
nuHamivHEX Xapakrepuctuk IIC (kyTiB, KyTo-
BHX IIBUAKOCTEH Ta MPUCKOPEHb, JIHIHHUX
MePEMINIeHb, IMBUAKOCTEH PyXy Ta IPHCKO-
peHb TOIIO); Jayii poOOTy BKa3aHUX CEHCO-
pPiB BBaXAEMO iJI€alIbHOIO, IO JIAE 3MOTY
HEXTYBATH X OMIJIKAMU BHMipIOBaHb; KPiM
toro, mist AHITA sk «areHTa» Tpymu Xapak-
TEPHUMH € CHUTHAJIM CEHCOPIB Mpo Hebdes-
neune HaOmmxenHs AHITA-cyciniB no rpyimi
(3arpo3sa 3ITKHEHHs1) Ta HEMPUITyCTUME 301J1b-
LIeHHA JUCTaHLii 10 HUX (3arpo3a BTpaTu
3B 13Ky MIX armaparaMu Ta «pOo3MOpOIIECHHS
rpynu AHITA;

— cucrema ABTOMATUYHOTO Kepy-
BanHs pyxom AHIIA (CAK, BukoHaBumid
piBeHb) — (yHKIIOHAJIBHA CTPYKTypa Ta
IporpaMHe CEpeHOBUINE, IMPHU3HAYCHE IS
00poOKu iH(popMarllii BiJl CEHCOPIB Ta JIIs
TeHePYBaHHS KEPYIOUMX CUTHAIIB U BHKO-
HaBuux MexaHizMiB AHITA (y nepury uepry —
PYLIIITHO-CTEPHOBOTO KOMIUIEKCY ); KOHKPETHA
mozenb CAK BU3HA4a€ThCS y pe3ynbTari CHH-
Te3y OKPEMHUX DPEryjisiTopiB Ta po3poOseHOi
YU NPUNHATOI y3aranbHeHoi cTpykTypu CAK;

— pymiiiHo-cTepHOBHI KomIuieke AHITA
(PCK) — me omuH aBTOHOMHO TMPAIIOIOYNI
KOpPMOBHH pymIiii (rpeOHUN TBUHT KOHTp-
poTopHOTO OOEpTaHHs), 32 HUM PO3MIIICHI
MTOBOPOTHI CTepHA [UIs KEPYBaHHS KyTOBHMH
pyXxaMH amapara HaBKOJO BEPTHKAIBHOI Ta
ronepevHoi oceii; rpednunii reunt (I'T) oTpu-
My€ MEXaHI4YHy EHEpril0 BiJ BiJINOBIIHOIO
rpednoro enekrpuunoro jsuryna (IEJ)
yepe3 BaJIONPOBI; 3 MO3MILIH MareMaTHuyHOro
MOJIEJTIOBAHHS I TaKMX KOMILUIEKCIB HEOO-
XiJTHO BPaXOBYBaTH HEJIHIHHI 3aJICKHOCTI yIIOo-
piB I'T Bix ix KyToBoi yacrotn oGepranus [65];

— 3oBHimmHIN kopmyc AHITA (3K) — me
TBEpJIE TiJO, IO PYXAEThCS Y BOII IiJ Ji€0
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Typically, mathematical modeling of AUV
controlled motion is a set of the following
information, electromechanical and hydro-
mechanical systems as components of the
mathematical model of the object of control,
interacting with each other:

— AUV information system (IS) — AUV
spatial state sensors and its IMS dynamic
characteristics (angles, angular velocities
and accelerations, linear displacements,
velocities and accelerations, etc.); further, the
operation of these sensors is considered ideal,
which allows ignoring their measurement
errors; in addition, AUV as a group “agent”
is characterized by sensor signals about the
dangerous approach of AUVs-neighbors in the
group (collision threat) and an unacceptable
increase in the distance to them (threat of
loss of communication between vehicles and
“dispersion” of the AUV group);

— AUV automatic motion control system
(ACS, executive level) — functional structure
and software environment designed for
processing information from sensors and
for generating control signals for AUV
actuators (primarily — the propulsion and
steering complex); the ACS specific model
is determined as a result of the synthesis of
individual regulators and the developed or
adopted ACS generalized structure;

— AUV propulsion and steering complex
(PSC) is one autonomously operating
stern engine (counter-rotating propeller),
behind it are rotary rudders to control the
angular movements of the vehicle around
the vertical and transverse axes; the screw
propeller (SP) receives mechanical energy
from the corresponding propulsion electric
motor (PEM) through the shaft line; from
the standpoint of mathematical modeling
for such complexes, it is necessary to take
into account the nonlinear dependences
of the SP thrust and the angular rotation
frequency [65];

— the AUV external hull (EH) is a solid
body moving in the water under the PSC
action and perceiving the hydrodynamic
resistance forces, taking into account the
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PCK i chpuiiMae CcHIM TiIpOIWHAMIYHOTO
OTIOPY 3 ypaxyBaHHSM MpPUETHAHUX Mac BOIU
y OUHAMIYHUX pexuMax; Ha xopmyc AHITA
JUIOTh TAKOX CHJIM 30BHIIIHIX 30ypeHb;

— cwin 30BHIMHIX 30ypenp F33 |, sxi
IitoTh Ha 3o0BHIMHIN kopnyc AHITA (3K) —
XBWJIbOBA 1 BiTpoOBa [iisi (IpU MOBEPXHEBOMY
pyci AHITA), Teuis;.

[Ipn po3pobui MareMaTHYHUX MOJe-
neit enementiB AHITA y poboti mpuitHsTi
HACTYIHI 3arajbHi MPUIYIIEHHS, SKi HE
BUKPUBIISIFOTH (DI3MKH SBHIII, 110 TPOTIKAIOTh
B 00’ €KTI TOCHIDKEHHS:

— poboue cepenoBuine (Bojga) po3misja-
€ThCS SIK i7icalibHa He30ypeHa piinHa,;

— BEKTOp YIOpY PYIIisl Ta CHJIX 30BHIII-
HiX 30ypeHb MPUKIAJAIOTHCS 10 LEHTPY Mac
AHIIA 1 He cTBOpIOIOTH TU(EPEHTIB 1 KpeHiB;

— AHIIA y Bozi Ma€ HYJIbOBY IUIABY4iCTb.

water added masses in dynamic modes;
external disturbances forces also act on the
AUV hull;

— forces of external disturbances FED
acting on the AUV external hull (EH) — wave
and wind action (during the surface movement
of the AUV), flow;

In the development AUV elements
mathematical models in the work, the
following general assumptions are made,
which do not distort the physics of the
phenomena occurring in the research object:

—the working environment (water) is
considered as an ideal undisturbed fluid;

— the motor thrust vector and the forces of
external disturbances are applied to the AUV
center of mass and do not create pitch and
rolls;

— AUV in water has zero buoyancy.

2.3. MaremaTuule Moaea0BaHHsa JuHaMiKu oguHouHoro AHITA sik 00°ckTa kepyBaHHS
Y

2.3. Mathematical modeling of single AUV dynamics as a control object

2.3.1. 3arampHUi MWAXiA 10 MOOYIOBH
mareMaTuuHol wmoxaeni. Y sgkocTi 0a30BOiL
mareMaTuuHoi Mozjeni oxuHou”oro AHITA
IpyIu y poOOTI BHKOPHCTAHO 3aJISKHOCTI 3
[64], ne 3oBHimHIA Kopryc AHITA posmis-
JIA€ThCS K TBEPAE TiJI0, IO PYXa€eThCs B ife-
anbHid He30ypeHi piguni. Lle nae 3mory He
BpaxoBYBAaTH CWJIOBY B3a€EMOJII0 MK HOro
eJeMeHTaMHu, sKi MawoTh Macy. s mocmi-
JOKeHHS1 kepoBaHoro pyxy 3K Oymemo BuKO-
pucroByBatu 3eMHy 0a3zoBy (BCK) Ta pyxomy
3B s3anHy 3 koprmycom AHIIA (3CK) cucremu
KOOPJIMHAT, $Ki HIMPOKO 3aCTOCOBYIOTHCS
JIOCTITHUKaMH MOPCBKUX PYXOMHX 00’ €KTIB.
OCHOBHI 3aJIe)KHOCTI MK CHCTEMH KOOPJAHU-
Har Ta KiHemarnuHi napamerpu AHIIA HaBe-
neHo y Jlonarky b.

2.3.2. 3aranbHa ¢opMa pIBHAHB JHMHA-
Miku oguHouHOro AHITA sik TBepmoro Tina y
moTori Boau. 3a3Buyait pyx okpemoro AHITA
PO3MIIAAETLCS  3TITHO 3aKOHAM MEXaHIKH
TBEpAOTr0 Tila B TPHUBHUMIPHOMY BOIHOMY
MIPOCTOPI 3 MIICThMA CTYTIEHsMU cBOOOIH. Tpn
3 HUX XapaKTepPHU3YIOTh JiHIWHI IepeMileHHS
[IEHTpa Mac, 1HIII TPH — 0OEPTAHHS TBEPIOTO

2.3.1. General approach to building a
mathematical model. As a basic mathematical
model of the group single AUV, the
dependencies from [64] were used in the
work, where the AUV outer (external) hull
is considered as a solid body moving in an
ideal undisturbed fluid. This makes it possible
to ignore the force interactions between its
elements, which have mass. To study the
controlled motion of the EH, we will use
earth-based coordinate system (EBCS) and
mobile body-fixed coordinates (MBFC)
with the AUV hull, which are widely used
by researchers of maritime mobile objects.
The main dependencies between the
coordinate system and the kinematic
parameters of the AUV are given in Appendix B.

2.3.2. General form of equations of
dynamics of a single AUV as a rigid body
in the water flow. Usually, the motion of an
individual AUV is considered according to
the laws of rigid body mechanics in a three-
dimensional water space with six degrees of
freedom. Three of them characterize the linear
displacements of the center of mass, the other
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TiJla BIIHOCHO IIeHTpa Mac. KoxHOoMy cCTy-
HEeHI cBOOOIM BIAIOBIIAE OQHA ILIBUJKICHA
KOOpJIMHATA, y SIKOCTI SKOI BHCTYIA€E TPO-
eKIlis BEKTOpa JIHINHOI a00 KyTOBOI IIBH]I-
KOCTI Ha BIJMOBIJHY BICh 00paHOi cucTeMH
KoopauHar [64].

OcHoBHu#l 3akoH auHamiku AHITIA y
MaTpuuHii popMi Mae HacTymHuil Buf [64]:

dy

(T—-Kv);

ne: V' — marpuis NBHJIKICHUX KiHeMa-
tiyHUX TapamerpiB AHITA; R — marpuis
MO3UIIIMHUX ~ KIHEMAaTHYHHUX  IapamMeTpiB
AHIIA; I — marpuis BIIaCHUX Ta TPUETHA-
Hux mac AHIIA; T — marpuis piBHOJIO-
YUX CHJ Ta MOMEHTIB, SKi mitoTh Ha AHIIA;
K — matpuiis, sika BpaxoBy€ MEPEHOCHY LIBH/I-
KiCTh IIPH B3ATTIi MOXiAHOT 110 BiAHOIIECHHIO 10
3CK; K, — marpuliist 38’s13Ky IOCTYNaabHOTO
Ta obeprosoro pyxis AHIIA; V — marpuns
MOIIPAaBKK Ha MIBUAKICTH TEUii.

Ianexc 4 3Haky aumdepeHiiana o3Hayae,
110 MOX1/THA PO3PaXOBY€ETHCS BITHOCHO 0a3nCy
A, To6To 6azucy 3CK. Innekc B 3Haky aude-
peHIiana o3Ha4yae, IO IMOXiTHA PO3PAXOBY-
€ThCS BIIHOCHO 0a3ucy B, To0To 6asucy bCK.

EmeMeHTH Marpuilb OCHOBHOTO 3aKOHY
JMHAMIKY YTBOPIOIOTHCS HACTYITHUM YHHOM:

v=[v a] =[v. v,

R=[F q]'=[x y z 6 o v];
I=M+A,

M =diag{m,m,m,J,,J ,J.}; A=

r=[F m] =[F. F, E M, M, M];

[0 -, o,

o, 0 -o

K= -0, o, 0
0 -v. v

v, 0 v

-V, v 0
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three — rigid body rotation about the center of
mass. Each degree of freedom corresponds
to one velocity coordinate, which is the
projection of the linear or angular velocity
vector onto the corresponding axis of the
selected coordinate system [64].

The basic law of AUV dynamics in matrix
form has the following form [64]:

d,R
=K, (V+V,), 2.1
dt V) @1
where: V' — AUV velocity kinematic

parameters matrix; R — AUV positional
kinematic parameters matrix; / — matrix of
AUV own and added masses; ' — matrix of
resultant forces and moments acting on the
AUV; K — matrix, taking into account the
transfer rate when taking the derivative with
respect to MBFC; K, — AUV translational and
rotational movement; ¥ — correction matrix
on the current velocity.

Index A of the differential sign means
that the derivative is calculated relative to
base A, that is, MBFC base. Index B of the
differential sign means that the derivative
is calculated relative to base B, that is,
EBCS base.

The matrix elements of the basic law of
dynamics are formed as follows:

v, 0, 0 o ]T ; 2.2)
(2.3)
2.4
7\‘11 7\‘16
: R 2.5)
7\‘61 7\’66
(2.6)
0 0 0
0 0 0
0 0 0 57
0 -0, o | 27
o, 0 -o,
-0, o 0 |
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K 03><3
K, = ; (2.8)
03><3 Ku)
. LT
iod,
K, =\J. J, J|; 2.9)
k., k, k.
1 siny o7
K,=|0 cosycos® sin@| ; (2.10)
0 —cosysin® cosH
V=[5, 0.] =[v. v, v, 0 0 0], 2.11)

A€V, Vi, V, - MPOCKIIi BEKTOpa MOCTY-
nanbHol mBHaKocTi AHITA mo BigHOIIEHHIO
no soau Ha oci 3CK; o, o, 0, - MIPOEKIIii
BekTopa obeproBoi mBuakocti AHITA 1o
BiHOMmEHHIO 10 Boau Ha oci 3CK; X, y, z —
koopaunatu 1entpy mac AHITA B BCK; 6,
¢, \y — KyTH KpeHy, Tu(epeHTy Ta pUCKaHHS
AHIIA (xytu Eiinepa); M — Marpuis Biac-
HUX Mac Ta MoMeHTIiB iHepuii AHITA; A —
MAaTpHILS MPUETHAHUX Mac BOIU; M — BIACHA
maca AHIIA; J, J L J, — MOMeHTH iHepuii
AHIIA, po3paxoBaHi TO BiAMOBITHHX OCSX
3CK;X npnez[Ham Macu Boau, i=1, 2, ... 6,
=1, 2,...6; F M - BIJIMIOBITHO BEKTOPH
PIBHOJIIOUMX CHJI Ta MOMEHTIB, SIKi JIilOTh Ha
AHIIA; F, F, F_ — npoekuii BeKTopa piBHO-
nirouoi cuimm Ha oci 3CK; M, M, M_— npo-
eKIil BEKTOpa pIBHOAIIOYOTO MOMEHTY Ha
oci 3CK; K — marpuns 38 a3ky mMix 3CK Ta
BCK; K — ManHu;I 3B’sI3Ky 00EPTOBOTO PyXY
AHIIA; i, 1Z, _]X, ] i, K, k k — mpoexmii
GazmcHUX BeKToplB 6a3ncy 3CK Ha oci 3CK;
V, — BEKTOP MIBUIKOCTI Teuii 10 BiJHOILICHHIO
no bCK; v, VoV, npoexiii Bekrtopa v, oci
3CK; BepxHii iHgekc 1 Mo3Ha4Ya€e OmNepario
TPaHCIIOHYBaHHS MaTPHIIi.

Marpunst A cumerpuyHa, TOOTO 7»U=7Lji.
Koedinientn Xij Ha3MBalOTh NPUEAHAHUMHU
MacaMH, TEpMiH Maca TYT BKHBAETbCA B
3araJJbHOMY PO3yMiHHI, 1 KOCQIIiEHTH 7‘@
XapaKTepU3yIOTh IHEPIIHICTh B3arali.

Enementnn wMatpuui A 3anexarb BHK-
JIFOYHO BiJ] TeoMeTpil 30BHINIHBOI MOBEPXHI
AHIIA [66].

where: v, v, V, - projections of the AUV
translanonal veloc1ty vector with respect
to water on the MBFC axis; o, 0, 0 -
projections of the AUV rotating velocity
vector with respect to water on the MBFC
axis; x, y, z — coordinates of the AUV’s center
of mass in EBCS; 0, ¢, v — AUV roll, pitch
and yaw angles (Euler angles); M — matrix
of AUV own masses and moments of inertia;
A — matrix of added water masses; m — AUV
own weight mass; J, J} »J. — AUV moments
of inertia, calculated along the corresponding
MBFC axes; X — added masses of water, i=1,
2, 6]12 .6; F, M — vectors of the
resultant forces and moments acting on the
AUV, respectively; F,, F, F. — projections
of the resultant force vector on the MBFC
axis; M, M, M_— projections of the resultant
torque vector on the MBFC axis; K, — matrix
of connection between MBFC and EBCS;
K, AUV rotational motion coupling matrix;
i,i R ) ] s k), k , k.~ projections of MBFC
ba51s Vectors on the MBFC axis; v, — current
velocity vector in relation to the EBCS;
Voo Vo Vo — MBFC axis vector projections;
superscript 7 denotes matrix transposition.

The matrix A is symmetric, that is, A=M
The coefficients 7»1.]. are called associated
masses, the term, mass is used here in a general
sense, and the coefficients 7\,.1. characterize
inertia in general.

The elements of the matrix A depend
exclusively on the geometry of the AUV outer
(external) surface [66].
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OcHoBHuil 3axkoH nuHamikn AHITA B sko-
CT1 BXIJTHUX JJAHUX OTPUMY€E MaTPHUIIIO PIBHO-
JUIOUMX CHJI Ta MOMEHTIB T, Ha BHXOJII OTpH-
MYIOThCsS KiHemaTuuHi mapametpu AHIIA:
IIBUJIKICHI y BUIJISLII MaTpuIli V' Ta MO3uIliiHI
y BUDIsII1 Matpui R.

2.3.3. I'iapoguHamMivyHi CUIIM Ta MOMEHTH.
lNppoaunamivni (B’sI3Ki) CHJIM Ta MOMEHTHU
3’sBisA0ThCA Ha kopryci AHITA BHacmimok
B3a€MOJIii 3 HABKOJMIIHIM CEpEelOBHUILEM
pu Horo pyci. BU3HaYeHHS NX CHIT € KOMII-
JIEKCHUM 3aBJaHHSIM T1IPOMEXaHIKH, JUIs
PO3B’SI3Ky SIKOTO 3aCTOCOBYIOTBCS METOIM Ta
3ac00M OOYMCITIOBAILHOI TIAPOJMHAMIKH Ta
0acelHOBMX Ta MOPCHKHX HATYPHHX BHIIPO-
OyBaHb [1; 61]. Ane mpu monenroBanni AHITA
KOPUCTYIOTHCSI CIIPOIICHUM TPECTABICHHSIM
[UX CHJI Ta MOMEHTIB IIIAXOM iX MpPECTaB-
JIEHHSI Y BUIJISIA1 CyMH JTIHIHHOT Ta KBaApaTuy-
HOI 3a51e)kHOCTel Bif mBuaKocTi pyxy AHITA
T10 BITHOIICHHEO JI0 BOJHOTO cepenoBuina [63]:

T,=[F #,] =p0yw,

ne D — wmarpuis mnapaMeTpiB - Ommopy,
13,1 — BEKTOp TiJPOIUHAMIYHUX CHJI OIMOpY,
V' — wmarpuis IMBHIKOCTEH (MOCTyMaabHUX
ta ooeproBux) AHITA BigHOCHO BOMIH; M by~
TIAPOIMHAMIYHUI MOMEHT OII0DY.

INppoaunamivHi KoeilieHTH, SKi MiCTUTb
MaTpuls D, BBAXKAIOTHCSA KOHCTAHTHUMH.

Juis Tina, MOBHICTIO 3aHYPEHOTO y BO.Y,
npuiiMaemMo npunyueHss [63]:

D)= —(diag{al,b,,c,,pl,q,,;;} + diag{aq

z[e:' a,, bl’q, 'cl’{f Py 4, T, — Hapame-
TpU rigpoauHamivHoro omopy AHIIA; v |
®,  ,— MPOCKILii, BIAMOBIAHO, BEKTOPIB 1OCTY-
najgpHOT Ta 00eproBoi mmBHAKOCcTeH AHITA
Ha oci 3CK.

Enementn marpumi D QopmyroThes Ha
OCHOBI TYCTHHHU BOJH, TEOMETPUUYHUX PO3Mi-
piB AHITIA Ta rizpoguHaMiuHUX Koe]ilieH-
TiB, SIKi BKJIFOYAIOTh: knyz — TiApoArHaMivHI
KOe(IIIEHTH CHJ OMOpPY IO BiAHOLICHHIO A0
oceit 3CK, kM.x'y’z — TiApoanHaMiHi Koedirti-
€HTH MOMEHTIB ONOPY TO BiJHOIICHHIO JIO

oceii 3CK.
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v, ,bq |vy|,cq

The AUV basic law of dynamics (2.1)
receives the matrix of the resultant forces and
moments 7 as input, and the AUV kinematic
parameters are obtained at the output: velocity
parameters in the form of matrix V' and
positional parameters in the form of matrix R.

2.3.3. Hydrodynamic forces and moments.
Hydrodynamic (viscous) forces and moments
appear on the AUV hull as a result of
interaction with the environment during its
movement. Determination of these forces
is a complex problem of hydromechanics,
for the solution of which the methods and
means of computational hydrodynamics and
basin and marine field tests are used [1; 62].
But when modeling AUV, they use a
simplified representation of these forces and
moments by representing them as a sum of
linear and quadratic dependence on the speed
of movement of the AUV in relation to the
water environment [63]:

(2.12)

where D — resistance parameter matrix,
Fh — vector of hydrodynamic drag forces,
V' — AUV velocity matrix (translational and
rotational)relativetowater. M. , —hydrodynamic
drag torque (resistance moment).

Hydrodynamic coefficients,
matrix D, are considered constant.

For a body completely immersed in water,
we accept the following assumption [63]:

}) (2.13)

where: a, , b, , ¢, , p,, q,, 1, — AUV
Ly The’ The? Fhg’ Thg? T g
hydrodynamic resistance parameters; Ve
ORI projection, respectively, of AUV
translational and rotational velocity vectors
on MBFC axis.

Elements of matrix D are formed on the
basis of water density, geometric dimensions
of the AUV and hydrodynamic coefficients,
which include: &, hydrodynamic
coefficients of drag forces with respect to
the MBFC axes, k. hydrodynamic
coefficients of the moments of resistance with
respect to the MBFC axes.

containing

\€ ’pq|wx ’qq|wy ’rq|0)z
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2.3.4. Cuuii Ta MOMEHTH TSDKIHHS 1 IIJ1aBY-
qocTi. Cuna tsoxinas AHITA Bu3HagaeThes Ha
OCHOBI IPUCKOPEHHS BIJIBHOTO A IHHS:

F,

4

ne m —Mmaca AHITA (6e3 npueHaHUX Mac
BOIM), g — NPHCKOPECHHS BUTRHOTO MAaiHHSA,
€ — OIMHUYHUI BEKTOpP, CHPSIMOBAHHU Bep-
THUKAJIFHO BHU3.

Cuna TSOKIHHA HE CTBOPIOE MOMEHTIB,
TOMY MAaTpHLls CHII Ta MOMCHTIB TsikiHHs T,
MaTHMe HACTYIHUN BUTIISA;

T =

g [Fg
Cusia riaBy4oCTi BU3HAYAETHCSI HA OCHOBI
TYCTUHM BOJM P Ta 3aHYpPEHOTro B Hel 00’ emy

AHIIA Q:

13,, =—pQge.

Touka NpUKIAAEHHS CHIM IUIABYYOCTI
3a3BUYail He CIHiBNajgae 3 LIEHTPOM Mac
AHIIA, depe3 1ie cuiia MiaBydyoCTi CTBOPIOE
MOMCHT:

M,

Ie 7, — panlyc-BeKTOp, sKHH 3’enHye
ueHTp mMac AHITA Ta TOYKYy NpUKIAZCHHS
CHWJIX TIJIaBYYOCTI.

Marpwuiis cuii Ta MOMEHTIB TUIaBy4dOCTi Tb
YTBOPIOETHCSI HA OCHOBI CJICMEHTIB BEKTOPiB
F,ta M,:

T,=[F,

[Ipn mpoexTyBaHHI MiABOAHOI TEXHIKH
OJIOK TUIABYYOCTI PO3TAlIOBYIOTH Tak, MO0
KOOPIMHATU MPUKIAJEHHS CWIM IUIaBY-
HOCTI X, 12, I0PIBHIOBAIIH HYITIO. Le 3a6e3me-
YHUTh TTACUBHY CTa0lIi3aIlii0 KpeHy Ta aude-
peuty AHITA.

3rifHO MPUHLMITY CYNEpHo3uuid cyma
MaTpHULb Tg ta T, yTBOpIO€ Marpuilo Tgb, AKa
BpaxoBye BIuMB Ha AHITA cun Ta MOMEHTIB
TSOKIHHA Ta TUIaBY4OCTi:

T, :[Fg +F, Mb]T.

M

, 3a7al0ThCs B

Bekropn F'g, F‘b Ta
npoekuisx Ha oci 3CK.

1, %< F,,

2.3.4. Forces and moments of gravity and
buoyancy. AUV force of gravity is determined
based on the acceleration of gravity:

(2.14)

where m — the AUV mass (without added
water masses), g — acceleration of gravity, ¢ —
unit vector pointing straight down.

The force of attraction does not create
moments, therefore the matrix of forces and
moments of attraction T, has the following
form:

0,3 ]T :

The buoyancy force is determined on the
basis of the water density p and the AUV
volume Q immersed in it:

mge,

(2.15)

(2.16)

The point of application of the buoyancy
force usually does not coincide with the AUV
center of mass, therefore the buoyancy force
creates a moment:

(2.17)

where 7 — radius vector connecting the
center of mass of the AUV and the point of
application of the buoyancy force.

The matrix of forces and moments of
buoyancy Tb is formed on the basis of vector

elements F, and M,;:

— T
M,] .
When designing underwater equipment,
the buoyancy block is positioned so that the
application coordinates of the buoyancy force x,
and z, are equal to zero. This will provide passive
stabilization of the AUV’s roll and pitch.
According to the principle of superposition,
the sum of the matrices T . and 7, forms the
matrix T e which takes into account the
influence of the forces and moments of

(2.18)

attraction and buoyancy on the AUV:
(2.19)

Vectorsﬁg, F, and M, are specified in
projections on the MBFC axis.
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[lingBoaHI amapaTH MPOEKTYIOTh 3 HYJBO-
BOIO IIIABYYICTIO, TOMY BIUIMBH CHJI BarW Ta
IUTABYYIOCT] TPOSIBISIFOTHCS JIMIIIE MOMEHTOM
CHUTH TUTaBYYOCTI.

2.3.5. MaremaruuHa MOAENb PYLIiHHOT
yactunu PCK AHIITA.

2.3.5.1. PymiiiHa cuma Ta MOMEHT.
VY poborti posmspaetsest AHIIA, sxuii mae
omuH pymiid — I'T koHTppoTOpHOTO 00ep-
TaHHsI, T2 YIOP KOO CIPSIMOBAHUN B IICHTP
mac AHITA y3moBx #oro 3B’si3aHOi OCi X.
ToMmy 3aranpHe MaTpwuyHE PIBHSHHS CHIT 1
MOMEHTIB pymriiiHoi yactuan PCK [64] s
nporo AHITA Gyne MaTu BUTIISII:

TPC :[Frr

ne: T,. — MaTpuns CUJI Ta MOMEHTIB
pywiiinoro mpucrtporo AHIIA; F = — ymop,
SIKHH CTBOPIOETHCS TPEOHUM TBHHTOM KOHTP-
POTOPHOTO OOEPTaHHS.

Takuii PCK He cTBOproe 00epTOBUX
MOMEHTIB (KepyBaHHS 32 00EPTOBUMH CTYTIC-
HSIMU CcBOOOIM 3MIHMCHIOETHCS 3a JTOIIOMOIOIO
T1IPOIUHAMIYHUX PYIiB).

2.3.5.2. MarematnuuHa Mojielb MPUBOJA
pymiitoi vactuan PCK AHITA. OcHoBHUMHU
ckiamoBumu pymniiHoi dactuam PCK €
enekrpoasuryH (EJI), pemykTop 1 Bajonpo-
Bix (PB) Ta I'T. JlocBin Mome/tOBaHHS TaKoi
enekrpomexaHiunoi cucremu AHIIA cBin-
YUTh, IO JJIA CHPOIICHHS i MaTeMaTU4YHOI
MOJIeJIi MOXKHA HEXTYBaTH 3MIHHUMHU JPYyTroro
MOPAZKY MaJIOCTi, 10 AKHX BiTHOCSTHCS €JIeK-
TpoMarHiTHi npouecu B EJl, a Takox cuiu
TEPTS y BAJIOTIPOBOI.

Toni EJ six mkepeno mMexaHiuHOi eHeprii
s pymiiiHoi yactuan PCK moxHa cmpo-
IIeHO onucary audepeHIiaIbHIM PiBHIHHSIM
MIEPIIOTO TOPSAKY — PIBHSAHHSAM PyXy IpH-
BOJIa 3 KOe(DIIIEHTOM ITiICHIICHHS KEH:
do,,

Sy S = K= Qps (22D
K pD’
0 - sz o7, mpu J €[-1;1];
= T (222)

K pD*vy,, mpuJ ™ e (-1;1);

)

0

Underwater vehicles are designed with
zero buoyancy, so the effects of gravity and
buoyancy are manifested only by the moment
of buoyancy.

2.3.5. Mathematical model of the AUV
PSC propulsion part.

2.3.5.1. Propulsion force and moment.
The work examines the AUV, which has one
engine — screw-propeller of counter-rotary
rotation, and the thrust of which is directed to
the AUV center of mass along its associated
x-axis. Therefore, the general matrix equation
of forces and moments of this AUV PSC
moving part [64] will have the form:

00 0 0],

where: T, — matrix of forces and moments
of the AUV propulsion device; F, — the
thrust that is created by a counter-rotary
propeller.

Such a PSC does not create torques (control
by rotating degrees of freedom is carried out
using hydrodynamic rudders).

2.3.5.2. Mathematical model of the AUV
PSC propulsion part drive system. The main
components of the propulsive part of the
PSC are an electric motor (EM), a gearbox
and shafting (GS) and screw-propeller
(SP). The experience of modeling such
an AUV electromechanical system shows
that, to simplify its mathematical model,
it is possible to neglect the second-order
variables, which include electromagnetic
processes in EM, as well as friction forces in
the shafting.

Then the EM as a source of mechanical
energy for the propulsive part of the PSC can
be simplified by the differential equation of
the first order — the equation of motion of the
drive with the gain K, :

(2.20)

do
Jp—=Kyu -0 (221)
K pD’
sz wsp When J € [—1;1];
Op =9 4m (2.22)

quD3v§P ,whenJ ' e [—1;1];
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K,pD*

o, npuJ e|-1;1};
F,=1 ag O P P11 03
K, pD*v;,., npuJ " e(=1;1);
21y
=2 (2.24)
®,-D

J€: u — KepyHuuil CUTHaj peryiasropa
ENl; o, — kyroBa mBuakicte obepranns I'T;
Jp — CyMapHUH MOMEHT IHEpILil cucTeMu
«El — PB — I'T», mpusenenuii no I'T; er —
ranpmiBaui MomeHT I'T; F —ymop I'T; K, (J)
ta K (J') — Gesposmipui koedimientn, ski
XapaKTepU3yIOTh TAIbMIBHHA MOMCHT Iped-
Horo reunta; K, (J) 1a K, (J ) — 6e3pos-
MipHi Koe(ili€HTH, AKi XapaKTepU3yIOTh YIIOp
rpeOdHoro rBUHTA; J — BigHOCHUH noctym [T
D — miametp I'T; — rycTrHa BOIH; V, — TIPOEK-
1IisT BEKTOPA MIBHIKOCTI TIEPEMIIEHHS PYIIIiii-
goi yactuau PCK AHITA BigHOCHO BOIM Ha
Bich mpsamoro xony I'T.

Koedimientn K o Kq, K, Kfe HENIHIAHUMUA
1 BU3HAYaIOTHCS B 3aJI€KHOCTI B1J] TapaMeTpiB
J, o tav, [71].

2.3.6. Kepyroui cuiam i MOMEHTH XBOCTO-
BOTO OTIEPEHHS.

2.3.6.1. MaremarrnyHa MOJEIIbL XBOCTOBOT'O
ormeperHs. AHIIA o06namHaHO XBOCTOBUM
OTICPEHHSIM (BEPTUKAIBHUM 1 TOPHU30HTANb-
HUM CTEpHAMH), €JIIEMEHTH SKOTO MOJIEINI0-
BaTUMeMO fK rigpoguHamiyHi kpuia (I'K).
MonentoBanns BrummBy 'K 3BoguThest 1o ypa-
XyBaHHS HOTO MIHOMHOT CHJIM Ta CHJIU JI000-
BorO omnopy [71].

Jiis monentoBanns BrumBy I'K Ha AHITA
BBEJIEMO cucTeMy Koopaunar O x y, z , 3B~
3any 3 'K, mo3naunmo ii 6azuc siteporo W.
Ii Bice abcmuc cnpsAMOBYeThCS MPOTH 1060-
Boro onopy I'K, Bick opauHAT CIIPSIMOBYETHCS
B HanpsMKy nindomuoi cuium 'K, Bick artikar
YTBOPIOE 3 MEpIIMMHU JIBOMa IpaBy MPsSMO-
KyTHY CHUCTEMY KOOPJHHAT.

Cumu 'K BU3HAUarOThCS B CUCTEMI KOOP-
munat 'K (B 6azuci W):

F

v

={y

v={FsFy

V),
wx’wyW’

Kppf)4 o)ép when J e [—1;1];
F,={ 4n (2.23)
Kprzvép, when J ' € [—1;1];
2nvp
J = ouD’ (2.24)

where: © — EM regulator control signal;
o, — the propeller angular velocity of rotation;
J, — is the total moment of inertia of the
«EM — GS —propeller» system, modified to the
propeller; O ,— the propeller braking torque;
F, — propeller thrust; K,(J)and K, ™" -
dimensionless coefficients characterizing the
propeller braking torque; K, (J)and K ,(J ™) -
dimensionless coefficients characterizing the
propeller braking thrust; J — the propeller
relative progress; D — propeller diameter; p —
water density; v, - projection of the AUV
PSC moving part velocity vector relative to
the water on the axis of the screw propeller
forward stroke.

Coefficients K o Kq, K., K are nonlinear and
are determined depending on the parameters
of J, oy, and v,. [71].

2.3.6. Control forces and moments of tail fin.

2.3.6.1. Mathematical model of a
hydrodynamic wing. The AUV is equipped
with a tail fin (vertical and horizontal rudder),
the elements of which can be modeled as
hydrodynamic wings (HW). Modeling the
HW influence is reduced to taking into
account its lifting force and the force of frontal
drag [71].

To simulate the HW influence on the AUV,
the coordinate system O x y, z , connected with
the HW is introduced, its base is denoted by
letter . Its abscissa axis is directed in the HW
frontal resistance direction, the ordinate axis is
directed in the HW lifting force direction, the
applicate axis forms a rectangular coordinate
system with the first two coordinates.

The HW forces are determined in the HW
coordinate system (in the W basis):

(2.25)
(2.26)
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F,_=-0,5C, (oc)pv‘zmS ;
2
F,, =-0,5C (o)pv,,S,

ne: F, — BekTtop cuiu, sky crBoproe I'K;
v, — BekTop mBHAKocTi pyxy 'K mo BigHo-
LICHHIO 70 BOIU; ny — TipOIMHAMIYHI KOe-
(bIiENTH BiIMOBIIHO OMOPY 1 MiTHIMAIBHOT
cumm I'K; o — kyT araku ['K; S — muoma T'K.
OO0epTanbHUI MOMEHT, SIKUH BHHHKA€E Ha
kxoprryci AHTIA min miero 'K, Bu3Hagaerbes
3a (hopmyIoro
M =

e 7, — paliyc BEeKTOp, SKHH 3’€IHye
ueHTp Mac AHITA Ta TOYKYy NpHUKIAZCHHS
piBHOAIt0u01 cnm ['K.

linpomunamiuni koedinientn C — 3are-
JKaTh BiJl KyTa aTakd 0, BU3HAYAIOTHCS ILIS-
XOM MOJICTIbHUX BUIPOOYBaHb y JIOCIiTHHUIIb-
KHUX OaceifHax, MalOTh HEJIHIMHUN XapakTep
1 TIPUBOJATHCS B JIOBIAKOBIN JiTeparypi Jis
THTIOBUX TIpoditiB kpwit [71].

Isuaxicts pyxy 'K BigHOCHO BO/IM 3aJ1e-
JKUTH BiJl TIOCTYMAJIbHOI V Ta 00epPTOBOI
mBuakocrerd AHITA:

w

[Ipu ob6epranni AHITA mBuaKicTe 0O0TI-
kanHs ['K motokom st pizaux Toyok 'K Oyne
BIJIPI3HATHCh, OCKUIBKM BOHHU TepeOyBarOTh
Ha pi3Hii BigctaHi Bif neHTpy mac AHITA.

Ane, sxmo xopna 'K nHabararo menmia 3a
Bizncranb Mik ['K 1 mentpom mac AHITA, Toni
iX MBUJKICTh MOXKHA TIPUWHSATH OJIHAKOBOIO.
Maremarnuna mozpens 'K 3actocoByerbes
JUIS MOJICTIIOBAaHHSI KOPMOBOTO XBOCTOBOTO
oreperass AHITA. Cmim Ta MOMEHTH TiIpo-
JUHAMIYHUX KpWI, BcTaHOBIeHUX Ha AHIIA,
niepeBosiThest B 3CK, miciis 9oro iXx MokHA
3aCTOCOBYBAaTH JiJIsl (HOPMYBaHHS BiIIIOBITHUX
MaTpUIb 7S MiICTAHOBKH B OCHOBHHUH 3aKOH
nuaamiku AHITA.

2.3.7. Imitamiiina momens AHITA.

2.3.7.1. Crpykrypa moneni AHITA. Ctpyk-
Typy IMITaIIiHOT MOJIeNi PO3POOUMO 3 ypaxy-
BaHHSAIM OCOOJIMBOCTEH B3acMoOIil €JIEMEHTIB
AHITA nuisaxoM 3’e€qHaHHs BXOAIB Ta BUXO/IIB
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r,xF,

V,=V+OXF,.

(2.27)
(2.28)

where: F'w —force vector which creates HW;
v, — HW motion velocity vector in relation
to water; C - hydrodynamic coefficients
of resistance and HW lift force, respectively;
o — HW angle of attack; S — HW area.

The torque that occurs on the AUV hull
under the action of HW is determined by the
formula

(2.29)

where 7, — radius vector connecting
the AUV center of mass and the point of
application of the HW resultant force.

The hydrodynamic  coefficients C |
depend on the angle of attack a, are
determined by model tests in research
basins, are nonlinear, and are given in
the reference literature for typical wing
profiles [71].

The HW motion speed relative to water
depends on the AUV translational v and
rotational @ speeds:

(2.30)

When AUV rotates, the flow velocity
around the HW for different points of the
HW will differ, since they are at different
distances from the AUV center of mass.
But, if the HW chord is much less than the
distance between HW and the AUV center
of mass, then their speeds can be assumed to
be the same.

The HW mathematical model is used to
simulate the AUV aft tail. The forces and
moments of the hydrodynamic wings installed
on the AUV are converted into MBFC,
after which they can be used to form the
corresponding matrices for substitution into
the basic law of the AUV dynamics.

2.3.7. AUV simulation model

2.3.7.1. AUV model structure. The
simulation model structure will be developed
taking into account the interaction peculiarities
of the AUV elements by connecting the inputs
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MOJTYJTIB, SIKI MOJICIIOIOTh OKpPEMi EIIEMEHTH
cxianosux AHITA (puc. 2.1) [72].

MaremariugHa MOZIENb CKIIaIA€ThCS 3 MOIETT
OCHOBHOTO 3aKoHy auHamiku AHITA ta mare-
MaTUYHUX MOJEJeH TiAPOANHAMIYHHUX BILIMBIB
(I'IB), maremaruuHMX MOJeNeld XBOCTOBOIO
onepenHsi (XO) y ckiiajii BEpTUKAIBLHOTO 1 TOpH-
30HTAJILHOTO CTEPEH, Ta PYLIIMHOTO MPUCTPOIO,
sIK1 yTBOPIOIOTh MaTEMaTUIHY MOAETb PYyIIiii-
Ho-cTepHOBOro Komruiekcy (PCK), moneni
BIUTMBY CHJI TSDKiHHS Ta maBydocti (CTII).

Kepyrounm BrmmuBom aiist AHITA e Bektop-
PSUIOK # , UM CHTHAIM HAJIXOMATh Ha BXil MOJIEI
pyuiitHo-crepHOBOro Komiuiekcy (PCK) i 3aya-
FOTh BEJIMYMHY PYIIHHOI CHJIM Ta KYTH ITOBO-
poty XO, mo Bukimkae pyx AHITA B ipocTopi.

Enementn marpuni cwi ta MOMEHTIB 7,
T06TO Bektopn F Ta M , yTBOPIOIOTHCS 3a
TIPUHITUIIOM CYTIepro3uIliii [73]:

T=T,+T,

ne: T, MaTpUI  TiAPOAMHAMIYHUX
(B’SI3KMX) CHJI Ta MOMEHTIB; Tgb — MaTpuLs
CHWJI Ta MOMEHTIB TSDKIHHS 1 IJIaBy4OCTi;
Tmil Marpuns cuwi Tta MomeHTiB  XO;
T’ —Marpuis cu (Ta 1S 3aTaTBHOTO BUITAAKY
MomeHTiB) PII.

Bci ememMeHTH ITMX MaTpHUIlh 3aJal0THCS B

mpoekisx Ha oci 3CK.

and outputs of the modules that simulate the
individual elements of the AUV components
(Fig. 2.1) [72].

The mathematical model of the AUV
consists of the basic law of dynamics and
mathematical models of hydrodynamic effects
(HDE), tail fin (TF) and a propulsion steering
complex (PSC), the influence of gravity and
buoyancy forces (GBF).

The control action for the AUV is a
row vector that enters the propulsion and
steering complex (PSC) model input and
the magnitude of the driving force and the
angles of rotation of the TF elements, thereby
allowing the AUV controlled movement
in space.

Elements of the matrix of forces and moments
T, that is, vectors F and M , are formed
according to the superposition principle [73]:

+T (2.31)

tail

+7,,

where: T, — matrix of hydrodynamic
(viscous) forces and moments; T T matrix of
forces and moments of gravitation (attraction)
and buoyancy; T, — TF forces and moments
matrix; Tp — the PD forces matrix (and for
general moment case).

All elements of these matrices are specified

in projections on the MBFC axis.

Bin CAK MM 3zoBHimAIX
BHIIIOrO piBHA 30ypenb U’;d) MMTJB |,
_ (From the (MM of external |J, (MMLHBE)
higher level ACS) disturbances) T,
|
MM CAK AHIIA — OcHOBHHI 3aK0H
BAKOHABYOTO piBHA U MM PCK | Tv, Tiit maaamikn AHITA RV
(MM AUV ACS MM PSC (Basic law of AUV "
executive level) 4 dynamics)
Irc f (I1s)
MM CAK indopmaniiinoi Tie
cuctemn AHITA MM CTIL
(MM AUV ACS
information system) (MM GBF)
¥

PucyHnok 2.1 — ®yuknionaiabHa cxema matemaTuaHoi moaesai AHITA

Figure 2.1 — Functional diagram

of the AUV mathematical model
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2.3.7.2. Cumn ta momentu XO AHIIA
npoekty «Ckanep». Kopmyc AHITA wmae
(hopmy, OITU3BKY JI0 IHJTIHIPA, Ta 00JIaHAHUH
IIBOMa TOPU3OHTANEHUMH KEPYIOUHMH KpH-
J1aMu XBocToBOTO onepenHs (XO).

lopusoHTanbHe Ta BEpTHUKAIbHE Kepyroui
crepHa (KC), sxi e exementamu XO, posra-
LIOBYIOThCSL B KOpMOBiil wactuni AHIIA, mo
HA/a€ MOXJIUBICTb CTBOPIOBATH KEPOBaHi
MOMEHTH PUCKAHHSA Ta TU(DEPEHTY.

VY 3B’s3Ky 3 00paHO0 KoH(irypariro Tif-
ponuaamikun AHITA marpwii cuim ta MOMEH-
TiB XO MaTUMyTh HACTYITHUN BUTIISL;

2.3.7.2. AUV «Scanner» TF forces and
moments. The AUV hull has a shape close to
a triaxial ellipsoid and is equipped with two
horizontal control wings of the tail unit (TF).
The horizontal and vertical control rudders
(CR), which are TF elements, are located
in the aft part of the AUV, which makes it
possible to create controlled yaw and pitch
moments.

In connection with the chosen AUV
hydrodynamics configuration, the TF force
and moment matrices will have the following
form:

T
T, :[th F, F. M, M, Mhz] ; (2.32)
TV :[E’X F"y E’Z va ny Mvz]T§ (233)
T
T;ai/ = T;t + TL = I:F;ail(x) F;ail(y) F;ail(z) Mtail(x) Mtail(y) Mtail(z):' > 234)

ne: T,, T, — mMaTpuili CHJI Ta MOMEHTIB Bijl-
MTOB1THO TOPU30HTAJIBHOTO T4 BEPTHKAILHOTO
crepua; F,, F 1 F, M, Mhy, M, — Bigno-

BIJIHO TIPOEKIIT BEKTOPIB CHJIM T4 MOMEHTY
rOpu3oHTaNbHOTO CrepHa; F , F . F , M

v’ vz’ v’

M M _— BIJIMIOBITHO MPOEKIIi1 BEKTOPIB CHITH
Ta MOMEHTY BEpPTHKAJIbHOTO CTepHa; F il
qu[l(y)’ tail(z)’ tail(x)’ Allail(y)’ Md[[(z) — BIATIOBITHO

mpoekwii BeKTopiB cuiu Ta MoMeHTy XO Ha
oci 3CK.

2.3.7.3. MarematnuHa MOJAEIb CHCTEMH
kepyBanHus XO AHITA. Kepyrouum BILIUBOM
st AHITA mpoekty «CkaHep» € BEKTOp-
PAIOK U :

u= {uF, u,, uv}; u,. €[-1,

JE: U, — CHUTHAI KEPyBAaHHsS PYIIIHHUM
HPUCTPOEM; U, — CUIHAJI KEPYBAHHS MPHBO-
JIOM TIOBOPOTY T'OPM30HTAJILHOTO CTEPHA; U —
CUTHAJI KEPYBaHHS MPUBOJIOM MTOBOPOTY BEP-
THKAJIBHOTO CTEpHA.

J1J1st TOBOPOTY CTEpHA 3aCTOCOBYETHCSI IITBH/I-
KOJTIFOUMH aBTOMAaTH30BaHUK EJIEKTPOIPHUBOI,
JIMHAMIYHI XapaKTePUCTHK SIKOTO 3HAYHO BUIII
Bix auHamivHuX xapakrepuctrk 3K AHITA sk
TBEPJIOTO TiIa y TOTOII BoAM. ToMy mepexij-
HUMH TIPOIIECaMHU Y TaKOMY eJIeKTPONPHUBOJII
MOYXKHA 3HEXTYBaTH, IO J]a€ MOMJIUBICTb MPH-
WHATH OTO MaTeMaTUYHy MOJIETb y BUTIISII:

where: T,, T — matrices of forces and
moments of the horizontal and vertical rudder,
respectively; F, , F, 1 F_ M, Mhy, M, — the
projections of the force and moment vectors
of the horizontal rudder, respectively; F', F’ '’
F_.M, ny, M _ — the projections of the force
and moment vectors of the vertical rudder,
respectively; £, tail(x)’ F, taily) * tailz) ** tail(x)? A/[tail(v)’
M, ., — projections of the force and moment
vectors of TF on the MBFC axis, respectively.

2.3.7.3. Mathematical model of the
AUV TF control system. The control action

for the AUV «Scanner» project is the row

vector u :
1]7 uh € [_19 1]’ uv € [_19 1]5

where: u, — driving (propulsion) device
control signal; u, — horizontal ruder rotation
drive control signal; u — vertical ruder rotation
drive control signal.

To turn the steering wheel, a high-speed
automated electric drive is used, the dynamic
characteristics of which are much higher
than the dynamic characteristics of the
AUV EH as a rigid body in the water flow.
Therefore, transient processes in such an
electric drive can be neglected, which makes
it possible to accept its mathematics model

in the form:

ah,v = Kuh,v’
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Je: o, — BIAIOBIZHO, KYTH IIOBOPOTY IOPH-
30HTAJIBHOTO Ta BEPTUKAJIBHOTO CTEpHA Bij-
HocHO Kopriycy AHITA; K — koedimieHT mif-
cwiteHHst enekrporpuBoaa KC; u, , — BHXOIH
3a7aBaviB IHTEHCHUBHOCTI BIAMIOBIAHO IS
FOPH30HTAILHOTO Ta BEPTHKAILHOIO CTEPHA.

IIpu BiH’CMHHX 3HAYCHHAX U,  KyTH 0O,
MAalOTh JOJIaTHI 3HAYEHHS, 110 CTBOPIOBATHME
mudepent Ha Hic AHITA i 3mymryBatumMe Horo
3arTUONIOBATUCh Ta PHUCKAHHS Ha TPaBHU
00pT 1 3MyIIyBaTMME HOTO IMOBEPTATH Ipa-
Bopyd. [Ipn nomaTHUX 3HAYCHHSAX KEPYIOUHX
BrinBiB AHITA orpumyBarnme audepeHT Ha
KOpMYy 1 OyJie CIUTMBATH Ta PUCKAHHS Ha JIiBil
Oopt 1 Oyze moBepTaTH JiBOPYY.

Takwuii BuOip 3HaKy koeoimienty K 3po-
0J1eHO [UIs TOTO, 11100 3HAK KePYIOUOro BILUIUBY
BI/INIOBI/IaB 3HAKY MPUCKOPCHHS 32 KEPOBAaHUMU
obepranbHUMHU cTyneHsMu cBoOoau AHITA.

where: o, =~ — the rotation angles of
horizontal and vertical rudder relative to the
AUV hull, respectively; K — steering rudder
electric drive gain; u,  — intensity sensor
outputs for horizontal and vertical rudder,
respectively.

With negative values of u, , angles o,
have positive values, which will create
a trim on the nose of the AUV and make
it go deeper and yaw to starboard and
make it turn to the right. With positive
values of the control actions, the
AUV will receive stern aft pitch and
will float and yaw on the left side and will
turn left.

This coefficient K sign choice is made so
that the control action sign corresponds to the
acceleration sign behind the AUV controlled
rotational degrees of freedom.

2.4. MareMaTH4YHe MO/Je/TI0BAHHS KePOBAHOI0 PyXy oanHouHOoro AHITA
SIK «areHTa» rpynu

2.4. Mathematical modeling of the controlled motion of a single AUV
as a group "agent"

Buxomsuu 3 TOMOBHUX 3a/1a4 aBTOMATH3AIII1
rpynoBoro 3actocyBanast AHITA, copmymnbo-
BaHUX y po3auti 1, s meprroro HampssmMky C ”
aBromarmu3zaiii Co-Co-Ro-TexHomnoriii akTy-
QIBPHOIO 3aMavei0 € KEePyBaHHS PYXOM OIH-
HoyHoro AHITA sx «areHTa» Ipylu B yMOBaXx
HaBiramiiaol onusekocti iHmmx AHITA.

Hns npyroro Hanpsimky C. aBTomMaru3anii
Co-Co-Ro-TexHomnoriii 3HauHy aKTyaJbHICTh
MIPEACTABIISIOTh:

— aBTOMATH3allil MPOLECIB TPYHOBOIO
pyxy AHIIA mnpu BHKOHaHHI ITOITYKOBUX
po0it (ronoBHe 3npu3HaueHHs rpynu AHITA);

— aBTOMAaTH3alis KepyBaHHS OKPEMHUMH
BUJIaMU MOPCHKHX IOIIYKOBHX OIEpalliii, 10
SKUX, Y TepIIy 4epry, BiTHECEMO KepyBaHHS
poOOTOI0 MOPCHKOTO O€3eKINakKHOTO KOMII-
nekcy (MBK), mo peanizye 6a30By TexXHOJIO-
rif0 BUKOHAHHS MOPCBHKHX IiJIBOIHUX MicCii
MOIITYKOBOTO XapaKTepy.

PosrmaaeMo  0COONHMBOCTI  MaremMaTH4-
HOIO  MOJEIIOBAHHSA  HABEACHHUX  3ajad
aBromaru3arnii.

Based on the AUV group application
automation main tasks, formulated in
section 1, for the first direction C e of
Co-Co-Ro-technologies  automation,  the
actual task is the automatic motion control of
single AUV as a group «agent» in conditions
of navigational proximity of other AUVs.

For the second direction C,, of Co-Co-Ro-
technologies automation, the following are of
great relevance:

— automation of AUV group motion
processes during search operations (the main
purpose of the AUV group);

— control automation of certain types
of marine search operations, which, first
of all, includes the control of the marine
unmanned complex (MUC) operations, which
implements the basic technology of marine
underwater search missions execution.

Consider the features of mathematical
modeling of these automation tasks.

2.4.1. Modeling of motion control
processes of a single AUV as a group «agent»
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2.4.1. MonemoBaHHS TIPOIIECiB KepyBaHHS
pyxom omuHouHOTO AHIIA sIK «areHTa» rpymnu
B yMOBax HaBiraliifHOl OJM3BKOCTI I1HINUX
AHITA. 3a3HauuMo, 1110 TATaHHS MaTeMaTH4-
HOTO MOJENIOBaHHsS TpynoBoro pyxy AHITA
TIOCTIMHO 3HAXOMATHLCS Y IIEHTP1 yBaru JTOCIiI-
HukiB. Tak, y poOoTi [74] HaBOAATHCS piBHSIHHS
PYXy CyIeH Ta MiJIBOIHHUX arapariB y BUIIISAL
CTaHAAPTHUX TiAPOANHAMIYHU-X MOJIENEH.

Y poboti [75] omucaHO KOMIT IOTEpHHMA
TpEHaXKep, PO3POOIICHUH ISt TPHUITBUIIICHHS
CUHTE3y Ta mepeBipku mpare3narHocti CAK
AHITA. Onnak, B 3a3HaYeHUX POOOTaX OCO-
OnMMBOCTI  oprasizamii 0e3aBapitHOTO pyxXy
rpynu AHITA He po3misgaroTsest.

Y po6ori [76] 3 MeTO0 pO3pOOKH CUCTEMH
cumyssnii Bucokorounoro AHITA s Bij-
MPAIIOBAHHS aJITOPUTMIB HaBEICHHS, HaBi-
ramii Ta KepyBaHHS pO3pOOJICHO 3arailbHy
MarematuuHy mojens nuHamikn AHITA, ska
BKJTIOUa€ MDKJTUCHUILTIHAPHE BUBYCHHS KiHe-
MaTHKH, TiAPOCTATHKH Ta TiAPOAMHAMIKH.
[Ipote, aBTOp HE aHANI3y€e OCOOTUBOCTI MOzIE-
moBaHHS pyxy AHITA y ckmagHux Hapirari-
WHUX yMOBax (HAsBHICTh CTaTHYHUX 1 JUHA-
MIYHHX TIEPEIIKO]] TOIIIO).

B [77] 3ampomonoBano CAK rpymoro
AHIIA, 1o BpaxoBye 0OMEXEHHS 3B’SI3Ky B
MiABOAHOMY cepenoBuili. OcoOnuBicTIO CHC-
TEMH € MOKIIUBICTH CIIBHOTO BUKOPUCTAHHS
OOUHCITIOBATIBHUX PECYpCiB Ipymu ycima ii
arapaTramu.

Cpponelicekuii  npoekt MORPH npo-
MOHY€E KOHIICTIIII0 TMiABOAHOI POOOTHU30BA-
HOI CHCTEeMH, siKa BUHHUKAE 3 iHTerparii piz-
HUX MOOITBHHX POOOTOTEXHIYHMX MOIYJIiB
3 gomarkoBuMu pecypcamu [78]. Koxxkanm
By3JIOM OJIOKIB (Ha0ip HEBEIMKUX 1 JEIIeBUX
poboTH30BaHMX MOpChkuX amaparis) MORPH
€ AHIIA, sxuil 37aTHUHA BHKOHYBATH JCSKI
3aBJIaHHS 3 Hamepes 3aJaHoro nepeniky. OnHak,
BKa3aHi IyOmikamii mMaroTh iH(popMauiiHO-10-
BIZIKOBUI XapakTep 1 He JaroTh YSBICHHS MPO
HayKOBO-TexHiuHi pimmenHst mono CAK.

Haiibinpir moBHO TUTAaHHA KOMIT IOTEp-
HOTO JOCIHiKeHHsT TpynoBoro pyxy AHITA
po3nisiHyTO 'y [79]. ABTOpH CHOpMYIOBaIH
TOJIOBHI 3aJ1a4l CTBOPEHHS CIICIiai30BaHOTO
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in conditions of navigational proximity
of other AUVs. Note that the issues of the
mathematical modeling of AUV group motion
are constantly in the center of attention of
researchers. Thus, in [74] the equations of
motion of ships and underwater vehicles in
the form of standard hydrodynamic models
are given.

Thus, article [75] describes a computer
simulator specially designed to accelerate
the synthesis and verify the performance
of AUV ACS. However, in the specified
robots, the features of organizing an accident-
free movement of the AUV group are not
considered.

In order to develop a high-precision AUV
simulation system for testing for guidance,
navigation and control algorithms, a general
mathematical model of AUV dynamics was
developed, which includes interdisciplinary
study of kinematics, hydrostatics and
hydrodynamics in [76]. However, the author
does not analyze the features of AUV
motion modeling in difficult navigation
conditions (the presence of static and dynamic
obstacles, etc.).

In [77], an AUV group ACS was
proposed, taking into account the limitations
of communication in the underwater
environment. A feature of the system is the
ability to share the computing resources of a
group by all its vehicles.

The European MORPH project proposes
the concept of an underwater robotic system
that arises from the integration of various
mobile robotic modules with additional
resources [78]. Each node of the blocks (a set
of small and cheap robotic marine vehicles)
of MORPH is an AUV, which is capable of
performing some tasks from a predetermined
list. However, these publications should be
of informational and reference nature and do
not give an idea of scientific and technical
solutions for ACS.

The most complete issues of computer
study of the AUV group motion are considered
in [79]. The authors formulated the main
tasks of creating a specialized modeling
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MOJZIETTIOI0YOT0 KOMIUIEKCY IS JTOCIiIKCHHS
CHCTEMH aBTOMAaTHYHOTO KEpYBaHHS OIH-
HounuMm AHIIA 1 rpymoro AHITA B ymoBax
HECTAI[IOHAPHOCT] BJIACHUX MMapaMeTpiB Mif-
BOJHOTO arapara ii HeBU3HAYEHOCTI 30BHIILIHIX
30yproBaHb.Ta 3allPOIOHYBAIM OararopiBHEBY
CTPYKTYpY Takoro komruiekcy. OnHak, MUTaHHS
MOJICTIFOBaHHSI 0€3MEeYHOr0 TPYIOBOTO PYXY
AHITA aBropu 3a1MIIMIN 11032 YBaroko.

Tomy HIKue y poOOTi 3ampoNOHOBAHO
MaTeMaTHYHYy MOJICb Ta CTPYKTYPY CUCTEMHU
AaBTOMAaTHYHOTO KEPYBAHHS PYXOM OAWHOY-
Horo AHIIA sk «areHTa» Tpynmu B yMOBax
HaBiramiiaoi ommspkocti iHmmx AHITA, sxa
MPU3HAYCHA JIUISI JTOCIIDKEHHS e(DeKTHBHOCTI
3akoHiB Oesneunoro pyxy AHIIA mpu BuKo-
HaHHI [1IBOJHUX Miciii morykoBoro tuiy [80].

2.4.2. Po3poOka CTpyKTYpH HEUITKOi CHC-
TEMH aBTOMATHYHOTO KEPYBaHHs OJJMHOYHUM
AHIITA sk «arentom» rpynu. Ilix uac rpy-
MOBOTO pyXy HeoOximHo, mo6 koxkeH AHITA
YTPUMYBaB Oe3MeuHy AUCTAHINIO 3 CYCITHIMU
armapataMy |y 33JaHOMy [liarna3oHi BijacTa-
HEH, KOJu MiHIMajlbHA IMCTAHIS MK HUMH
HE CTBOPIOE 3arpo3 aBapifHOTO 3ITKHEHHS
(pexxuM aaresii), a MakCHMMajbHA JMCTAHIIIS
rapantye 30epeXeHHs TPpylU Ta He CTBOPIOE
3arpo3 BIJIXOy OKPEMOTO arapary Bij iHITHX
AHIIA Ha nucTaHIito BTpaTh 3B’ 513Ky 3 HUIMH
(pexum koresii, cerperarii) [81].

KpiMm TOro, micnsi 3aBeplIeHHS MaHe-
BpyBaHHS 1 3a0e3MEucHHs 3a/laHol BiJgCTaHi
AHITA mae craru Ha TIONIEpeHIN 3agaHUN
Kypc (peXuM BUPIBHIOBaHHS).

3acTocyBaHHS HEUITKOI JIOTiKM 3a0e3re-
qye MiJXiJ O CHHTE3y HEOOXIJHOI CUCTeMHU
KepyBaHHsI (HEUiTKe KepyBaHHs), Ta TapaH-
Ty€ MOMKJIMBICTh BHPIIICHHS ITHPOKOTO KOJa
mpooJieM, y SKUX JaHi, il i 0OMEeXeHHS €
3aHAATO CKJIAJHUMHU a00 HEYiTKO BU3HAYE-
HUMH H Y CHIY IOTO HE MiIAIOThCS TOY-
HOMY MaTeMaTudHoMy omucy [82].

[lig HEWITKUM KEpyBaHHAM PO3YMIETHCS
CTpaTerisi KepyBaHHs, 3aCHOBaHA Ha EMIIi-
PUYHO MPHUAO0AHMX 3HAHHAX 070 (YHKIIIO-
HyBaHHs 00’ekTa (IpoIlecy), MpeNCcTaBIeHNX
y JIHTBICTHYHIHM (OpMi y BUITISI ACSKOI CYKyTI-
HOCTI TIPaBHIL.

complex for studying the automatic control
system for a single AUV and a group of
AUVs in the conditions of nonstationarity
of the underwater vehicle’s own parameters
and uncertainty of external disturbances
and proposed a multilevel structure of
such a complex. However, the authors
ignored the issue of AUV group safe motion
modeling.

Therefore, the mathematical model and
structure of the automatic motion control
system of a single AUV as a group «agent»
in conditions of navigational proximity of
other AUVs, which is intended for study
the effectiveness of the laws of safe AUV
motion when  performing underwater
search missions is proposed below in the
paper [80].

2.4.2. Development of the fuzzy automatic
control system structure for a single AUV
as a group «agenty. During group motion,
it is necessary that each AUV keeps a safe
distance from the neighboring vehicles in
a given distance range, when the minimum
distance between them does not pose an
emergency collision risk (adhesion mode),
and the maximum distance ensures the group
preservation and does not threaten the single
vehicle departure from the sensor view of
other group members (cohesion, segregation

mode) [81].
In addition, after the maneuvering
completion and ensuring the specified

distance, the AUV must take a pre-set or
specified course (alignment (leveling) mode).

The use of fuzzy logic provides an
approach to the synthesis of the necessary
control system (fuzzy control), and guarantees
the possibility of solving a wide range
of problems in which the data, goals and
constraints are too complex or vaguely defined
and therefore cannot be accurately described
mathematically [82].

Fuzzy control refers to a control strategy
based on empirically acquired knowledge
about the functioning of an object (process),
presented in linguistic form in the form of
some set of rules.
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Bimomo, 1o y3aranpHeHa Iporeaypa CHH-
TE3y HEUIiTKOI CHCTEMH aBTOMAaTHYHOTO Kepy-
BaHHS MOXKe OyTH IpeJcTaBIeHa HACTYTHIMHI
eranamu [82]:

— BH3HAUCHHS MHOXKUHH LiJeH, sIKI CTaB-
JSITBCS TIePEe]] CUCTEMOIO KePYBaHHS,;

— YTOYHCHHS MHOKUHH BXITHUX U BHXIiJI-
HUX 3MIHHUX HEUYITKOTO PETYIATOPA;

— BU3HAUCHHS MOXIIUBHX CHUTyalliii B
poOOTi CHHTE30BaHOI CHCTEMHU;

— (opmyBaHHS 6231 TIPaBHIT;

— BUOIp MeToy dasudikariii 3MiHHHX;

— BUOIp MexaHi3My BHUBOJY 1 METOJIB
nedaszundikarii.

HAns  KepyBaHHS MaHEBPOBHM PyXOM
AHIIA, 0co6muBo, SIKIIIO BiH MPAIIOE Y TPYIIi,
110 BHUKOHYE CIIJIbHY MICII0, 3aCTOCYBaHHS
KIIACHYHUX METOJMIB KepyBaHHS HE HAJIacTh
HAJIC)KHOT TOYHOCTI.

Heo06xiTHO Takok BpaxoByBAaTH 3HAYHY
HEJiHIHICTh MapaMeTpiB, SKi HEOOXiTHO KOH-
TPOJIOBATH. 3aCTOCYBaHHS HEYITKOI JIOTIKH
JI03BOJISIE BUPIMIATH PSII MPOOIEM, HE 3aCTO-
COBYIOUH KJIACUYHY JIIHEapHU3alIlito.

Jliniianii  HeniepepBHmid  [1/]-perynstop

=K, e()+K, de(t) MOJKHA 3aMiHUTH

OJMM3BKKAM IO CTpaTerii Ta JIOTii KepyBaHHS
HEUITKHM PETYJSATOPOM, SKIIO B SIKOCTI HOTO
BUXIJTHOI 3MiHHOT pO3IISIIATH 3HAYCHHS KEPYFO-
goro BrumBy W(0): y(k) = K e(k) + K, Ae(k).

TakuM YMHOM, [JI BXIJHUX 3MIHHHX
€(?), Ae(t) Ta BuXigHOI 3MIHHOI )(f) MOXe
OyTH CHHTE30BAHO HCUITKHH MPOIOPIIiH-
HO-TU(EpEHIITHUN peryasTop, Mo pealizye
HemHiiHuE 3akoH V(f)=F[ &(?), Ae(?)] Ta €
exBiBasieHTHUM [1J[-perynsatopy.

Tomy po3poOka MaTeMaTUIHOT MOJIEII ISt
JOCITKeHHsI MaHeBpoBoro pyxy AHIIA, pea-
J30BaHOTO 32 TMPUHIUIIAMH HEUITKOI JIOTiKH,
€ Ha JaHWI 9ac JOCUTH aKTyaJbHOIO 3a1ajelo.

OmHUM 3 OCHOBHHX 3aBIIaHb KEPYBaHHS IPY-
noto AHITA € 3a0e3meueHHs pexuMy y3ro/Ke-
HOTO PyXy arapartiB [0 3a3aJerilb 3a1aHOMY
Kypcy abo Tpaekropii. Ilpu 11s0My BaIHBO
MiATPUMYBATH PEXXUMU aaresii 1 koresii [81].

Jnst y3romKeHHsT poOOTH «areHTiB», IO
BUKOHYIOTh CIIIJIBHY MICiI0, MPOTIOHYETHCS
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It is known that the generalized procedure
for the synthesis of a fuzzy automatic control
system can be represented by the following
stages [82]:

— determination of the set of goals that are
set for the control system;

— specifying the sets of input and output
variables of the controller;

— listing possible situations in the system
operation;

— forming a base of rules;

— choosing the fuzzifcation methods;

— choice of inference mechanism and
defuzzifcation methods.

When controlling the maneuvering motion
of an AUV, especially if it operates in a group
that performs a joint mission, application of
classical control methods will not ensure the
adequate level of accuracy.

It is also necessary to consider the
substantial non-linearity of the parameters to
be controlled. The application of fuzzy logic
allows solving a number of problems without
applying the classical linearization.

A linear continuous PD
de(t)

controller

y(0)=K,e(0)+K, can be replaced

by a fuzzy controller that is close in strategy
and control logic, if the value of the control
action y(t) is considered as its output variable
(k) =K e(k)+ K, Ae(k).

Thus, for the input variables g(t), Ag(t) and
the output variable y(t), a fuzzy controller
can be synthesized; it would implement the
nonlinear law y(t) = F/[e(t), Ae(t)] and would
be equivalent to a PD controller.

Therefore, the mathematical model
development for the study of AUV
maneuvering motion, implemented on the
principles of fuzzy logic AUV, is currently a
very important task.

One of the main tasks of AUV group control
is to ensure the mode of coordinated motion
of vehicles on a predetermined trajectory or
route. It is important to maintain the adhesion
and cohesion modes [81].

To coordinate the work of «agents»
performing a joint mission, a control system
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CHCTeMa KepyBaHHS, SIKa Ma€ HACTYITHY CTPYK-
Typy [80] (nuB. puc. 2.2).

Hdana cucrema CKIagaeTbes 3 JIBOX
OCHOBHHUX PETYIITOPIB: PETYISATOPA, IO KOH-
TPOJIIOE TUCTAHLIIIO MK areHTaMu, Ta Peryis-
Topa Kypcy. B ycraneHoMy pexxuMi OIWHOY-
Huit AHITA pyxaeTbcs 3alaHUMH JUIS TPYNU
KYpPCOM /, Ta INBUJIKICTIO V.

Sxmo oauH 13 CyCigHIX amapariB 3Mmi-
HIOE CBilf Kypc Ta NMOYMHAE BiJAAIATHUCH a00
HaOMKaTHCh IO 1HIIOTO «areHTa», CeHCOpHU
Hanroro amnapara (hiKCyrTh 3MiHYy YMOB PyXy
1 HOTO PerysIITopy BUPOOJISIOTH HOBY, THMYa-
COBY, TPAEKTOPIIO PYXY.

brnok cencopi mucranmii Hamoro AHITA
(hopMye MHOXKHHY JUCTAHIIIN 10 HAHOMMKIOT
i d, = [a’l d, d, d4]. Hucranmis 1o
L1711 BU3HAYAETHCS] BUPA3OM:

d=d,,, +d
=il

d

min

is proposed, which has the following structure
[80] (see Fig. 2.2).

This system consists of two main
regulators: a regulator that controls the
distance between agents, and a course
regulator. In the stable mode, a single AUV
moves at the course v, and speed v, set for
the group.

If one of the neighboring vehicles
changes its course and starts moving away
or approaching another «agent», the sensors
of our vehicle record the change in motion
conditions and its controllers produce a new,
temporary, motion trajectory.

The distance sensors block of our AUV
forms a set of distances to the nearest target
d, :[a’1 d, d, d4]. The distance to the

target is determined by the expression:
)/ 2

min2

(2.35)

in?
dj, | ->min

i

dminZ = di+1 |\di—d»+]\amin >

ne d ., d . — TIOKa3HWKH Tapu CEHCO-
. minl mmmZ‘ R
pIB AWCTaHIli, PI3HUIS 3HAYEHBb SKUX MiHi-
ManbHa, M; [ = 1..3.
J1tst BUpIIIEHHS TOCTABJICHOT 331241 3aCTO-
COBYIOTHCSI HEUITKI perynsaropu. Perymsropu

nuctaHuii Ta Kypey € Hewitkumu I1J]-pery-

where d_ ., d . — indicators of a pair of
distance sensors, the difference between the
values of which is minimal, m; i = 1..3.

Fuzzy regulators are used to solve this
problem. The distance and course controllers

are fuzzy Mamdani-type PD controllers

nsTopamu Ty Mampaasi 3 nedasucdikamiero  with  center-weighted  control  variable
KEpy1040i 3MiHHOI 32 METOJIOM LIEHTpa BarH. defuzzification.
d; (dg) 5 Vs (\I’g) >
——— Peryastop eryasarop
AHCTAHNIT \Ild + +\I’C Kypcy u PCK T, Tiait 3K AHITA RV
(Distance 4 (Course
regulator) regulator) (PSC) (AUV EH)
\Il CeHcop Kypcy
(Course [€
sensor)
. OGuncnenns Cencop
d d/dt d| mucranmii ds nucranmii |,
(Distance (Distance
calculation) sensor)

Pucynok 2.2 — CrpykrypHa cxema CAK pyxom omunounoro AHIIA sik «arenta» rpynu
B yMoBax HaBirauiiinoi 6au3skocti inmmx AHITA

Figure 2.2 — Block diagram of the ACS motion of a single AUV as a group "agent"
under the conditions of navigational proximity of other AUV
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BximauMy mapamerpaMu IS peryssitopa
JIUCTAHLI] € BIIXWICHHS € = d3 — d 1 noxigHa
BIIXWIIEHHS &, OOYHMCIIEHA 32 METOAMKOKO
[83], sixa mepenbauae (GimbTpaALil0 CUTHAMIB,
10 OTPUMYIOTHCSL.

3MiHHAa €, MPEACTaBIeHa HACTYIHUMH
JHTBICTHYHUMHU TepMmamu (puc. 2.3): BTpara
00’exra (Out Of Range), BinnaneHHs 00’ exra
(Miss), ysromkenuid pyx (Track), wHaOmm-
)eHHs 00’ekra (Danger).

3MiHHa €, NpeNCTaBleHa HACTYIHUMH
tepMamu: HeratuBHe Benuke (NL), Hera-
tuBHe Mane (NS), HynboBe (Z), MO3UTHBHE
maie (PS), mosutusne Benvke (PL) puc. 2.4.

Buxonom perynsropa € BIAXUIEHHS Y , Bill
3aJIaHOTO KyPCY \, IKE IPEJICTABJIEHO HACTYTI-
HUMU Tepmamu: HeratuBHa (N), HynboBa (Z),
no3utuBHa (P) puc. 2.5.

Baza mpaBmi HEUITKOTO perymsTopa 3Be-
eHo 1o raou. 2.1.

The input parameters for the distance
regulator are the deviation ¢ = d, — d and the
derivative deviation ¢, calculated according
to the method [83], which involves filtering
the received signals.

The variable £, is represented by the
following linguistic terms: object loss
(Out Of Range), object distance (Miss),
consistent motion (Track), object approach
(Danger).

The variable ¢, is represented by the
following terms: negative large (NL), negative
small (NS), zero (Z), positive small (PS),
positive large (PL) Fig. 2.4.

The output of the regulator is a deviation
v, from the set course y , which is represented
by the following terms: negative (N), zero (Z),
positive (P) Fig. 2.5.

The rules base of the regulator is presented
in Table 2.1.

Danger Track

0.5

Miss

QOutRange
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Figure 2.3 — Variable membership function g,
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Figure 2.4 — Variable membership function ¢,
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Pucynok 2.5 — ®@yHuist HaeKHOCTI BUXIIHOT 3MiHHOI

Figure 2.5 — Membership function of the output variable

Ta6nuus 2.1 — baza npaBu peryjasTopa AucTaHIil
Table 2.1 — The rules of base of the distance regulator

é €4 Danger Track Miss Out of Range
d
NL N N Z Z
NS N Z P Z
Z N Z P Z
PS N Z P Z
PL Z Z P Z

HeuiTka moBepxHS perymstopa IUCTaHINI
TpezicTaBiieHa Ha puc 2.6.

The fuzzy surface of the distance regulator
is shown in Fig. 2.6.

the course, degrees)

Binxujennsa
Bi Kypcy, rpan.
(Deviation from

Pucynok 2.6 — IloBepXHsl He4iTKOI0 BUXOAY PeryasiTOPY AMCTAHLIL
Figure 2.6 — The fuzzy output surface of the distance controller
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Perymsrop xypcy, B CBOIO 4epry, OTpUMYE
Ha BXOJi CMTHAJ KEPYBaHHS \/_ Ta CHIHAI
BiJl CEHCOpa Kypcy.

[Ipu oMy, perymnsTop AUCTAHIIIT KOHTPO-
moe HaOmkeHHs abo BignaneHus AHITA-cy-
Ciza 3 3aJaHOI0 TOYHICTIO KepyBaHHS
(B manomy Bumazaky 0,5 M.), a perymsarop
Kypcy (opMye HOBY TpaekTopito pyxy s
BracHoro AHITA.

Curnan, 10 HAIXOAUTh Bl PETys-
TOpa JIMCTAHIN], BU3HAYAETHCS HACTYITHUMH
tepmamu: (OB) — Big’eMHUI BEMUKUH KyT
(00’ €eKT BiIANISIETHCS CTPIMKO, HA BEITHUKY BiJI-
ctab; (OM) — BiJ’eMHUI Maui KyT (00’ €KT
noctynoBo Bignanserscs); (Track) — o0’ekr
PYXa€eTbcsi y MeEXaxX 3aJaHoi TPaeKTopii;
(PM) — nonaruiii manuii kyT; (PB) — nogaruiit
BEJIMKUH KyT, puc. 2.7.

HacTynHuM KpOKOM JaHU#l CUTHAN MOpIiB-
HIOETBCSl 13 CUTHAJOM BiJl CEHcCopa Kypcy,
SIKMA B CBOIO UEepry, BU3HAuae€ MOXUOKY BiX
Haiommwkaoro AHITA-cycina Ta KyT mepe-
xinagku crepua AHITA, puc. 2.8.

Ha Buxoai MaemMo BEKTOp, KWW BHU3HAYAE
HampyTy, IO TONAETHCS Ha TpeOHUH ABH-
ryn PCK AHITA (Bu3Ha4ya€e MIBHIKICTH PyXY
armaparty), Ta KyT IIOBOPOTY CTEepHa, IO Ja€
3Mory (OpPMYBaTH HOBY TPAEKTOPIIO PYXY,
puc. 2.9.

[IpoBenemMo MoneNIOBaHHA CHUTyalii B
peXuMi aaresii, KoIW ymOpaBisgwo4i Aii, 110
¢dopmyrotecst CAK, OynyTh crnpsiMOBaHI Ha
30inbmeHHs quctannii 10 AHITA-cycina.

The course controller, in turn, receives
a control signal yc and a signal y from the
course sensor at the input.

At the same time, the distance controller
controls the approach or departure of the
neighbor AUV with a given control accuracy
(in this case, 0.5 m), and the course controller
forms a new movement trajectory for its
own AUV.

The signal coming from the distance
controller is determined by the following

terms: (NL) — negative large angle
(the object moves away rapidly, over
a long distance; (NS) — negative small

angle (the object gradually moves away);
Track) — the object moves within a given
trajectory, (PS) — positive small angle,
(PL) — positive large angle, Fig. 2.7.

The next step is compare this signal with
the signal from the course sensor, which, in
turn, determines the error between the nearest
agent and the AUV steering nozzle rotation
angle (see Fig. 2.8).

At the output, there is a vector that
determines the voltage applied tothe AUV PSC
propulsion motor (determines the vehicle’s
speed) and the steering angle, which
allows the formation of a new motion
trajectory, Fig. 2.9.

Let us simulate the situation in the mode of
adhesion, when the control actions generated
by the ACS will be aimed at increasing the
distance to the neighboring AUV.

OM (NS)

Tralck

pa|(pL)

PM(IPS)

L I I " u’g

5 4 3 2 10

1 2 3 4  S5Tpan

Pucynok 2.7 — TepMu curiany «kyT BiIXuJIeHHS»

Figure 2.7 — Terms of the “deviation angle” signal
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| M (S) C(A) B(L)
0.5F
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PucyHnok 2.8 — Tepmu noxudku pery;iioBaHHsA
Figure 2.8 — Terms of adjustment error
[ W M) z RM (RS) re|rL)
0.5F
0 . , : - , : WYe
6 4 2 0 2 4 6 rpax
PucyHnok 2.9 — BuzHaueHHs1 BUXiZHOI0 KepPYH40ro CUrHaIy
Figure 2.9 — Determination of the output control signal
Tabmmus 2.2 — baza npaBuJ1 peryisitopa Kypcy
Table 2.2 — The rules base of the course regulator
z £ OB (NL) OM(NS) Track PM(PS) PB(PL)
M (varne) {S (small)} RM(RS) RM(RS) Z LM(LS) LM(LS)
C (cepenne) {A (average)} RB(RL) RM(RS) Z LM(LS) LB(LL)
B (Bemuxke) {B (big)} RB(RL) RB(RL) Z LB(LL) LB(LL)

ba3a mpaBun HediTKOrO perymsiTopa Kypcy
3BesieHo 710 Tabmwi 2.2 (R — BpaBo, Z — HyIb,
L — BmiBO), a MOBEpXHSI HEYITKOTO BHBOIY
nokasana Ha puc. 2.10.

Ha Buxonai perynsarop kypey ¢hopmye cur-
Hai kepyBaHus ¢ U1t PCK AHITA.

MaremMaTnyHe MOJICIOBaHHS PO3po0IIe-
HOI CUCTEMHU KepyBaHHS BUKOHAHO B CHUCTEMI
Simulink cepenosuma MATLAB.

The rules base of the fuzzy course controller
is summarized in Table 2.2 (R — to the right,
Z — zero, L —to the left), and the surface of the
fuzzy output is shown in Fig. 2.10.

At the output, the course controller forms a
control signal u for the AUV PSC.

Mathematical modeling of the developed
control system was performed in the Simulink
system of the MATLAB environment.
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PucyHnok 2.10 — IloBepXHsl HEYiTKOTO BUXOIY PEryJIsITOPY KYpCy
Figure 2.10 — The fuzzy output surface of the distance controller

Ha puc. 2.11 mpencraBneHo CTPYKTYpHY
cxemy CAK, 110 103BOJISIE TOCTIANTH POOOTY
BrnacHoro AHIIA y cykynnocTi i3 AHITA-cy-
Ci710M, 110 BIAXWJIMBCSA BiJ] 3a/1aHOTO KypCY.

Po3pobiena maremaTHuHa MOJENb J103-
BOJIsIE YTPUMYBaTH OO’€KT KepyBaHHS Ha
JIeSIKOMY ~ BiJIaJieHi  BiJl BCTaHOBIJIGHOTO

AHIIA-cycina.

In Fig. 2.11 the block diagram of the ACS,
which allows studying the operation of own
AUV in conjunction with the AUV-neighbor,
which has deviated from the given course, is
presented.

The developed mathematical model allows
keeping the control object at some distance
from the installed AUV-neighbor.

BiiAN

Trackofagent

b du/dt

Gain Derivative Distance

controller

Agent

Scope |:|
>
Scoped
g P .
if % )4( \ »sign
|ul |
BAbs Course ours
controller1
AUV

Pucynok 2.11 — CrpykrypHa cxema CAK AHIIA, peanizoBana B cucremi Simulink
Figure 2.11 — Structural diagram of the AUV ACS implemented in the Simulink system

Ha puc. 2.12 npencrasneni rpadiku nepe-
X1JTHOTO Tpolecy (BepXHs KpuBa — JUCTaH-
11i51, HIDKHS] KPUBA — KEPYIOUNi BIIJIUB).
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In Fig. 2.12, graphs of the transition
process (upper curve — distance, lower curve —
control action) are presented.
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Pucynoxk 2.12 — I'padiku nepexignoro npouecy B pe;kumi aaresii

Figure 2.12 — Graphs of the transition process in the adhesion mode

MaremariaHe MOJCTIOBaHHS pOOOTH pery-
JISITOpA JIUCTAHIIIT HA HEYITKOT JIOTIKU B PEKUMI
anresii. B qaHoMy BHIIaKy mepeperyiroBaHHS
MPAKTUYHO JOPiBHIOE HyIr0. Lle mosicHroeThCst
BIJICYTHICTIO 30BHIIIHBOTO 30ypeHHs. Kepy-
[OYUil BIUIMB Ma€ OUIbII IJIAaBHUN BHIVIS,
OCKIUTBKH HEeMae HEOOXiTHOCTI MiJpyJIIOBaTH,
100 yTpUMYBATH aniapaT Ha 3aJIaHii TPaeKTopi.

[IpoBenemo MopmedrOBaHHS CHUTyallii B
Koresii, TOOTO Kepyrwodi BIUIMBH, IO (op-
mytoTbess CAK, OyayTh chnpsiMoBaHi Ha
3MEHIICHHS JTUCTaHIli 10 00’ekTa (cycina).
Ha puc. 2.13 npezacrapneni rpadiku mepexii-
HOTO Tpolecy (BepXHs KpHBa — IUCTAHIIIA,
HIDKHS KpUBA — KEPYIOUHH BILIHB).

[lepeBipKy edeKTUBHOCTI perysstopa npoBe-
JIEMO JIJTs BUTIJIKY, KOJIM 3a/IaHHi 00’ €KT (Harpu-
kian, innmit AHITA) 6yne pyxaTuch o CHHyco-
{manpHiN TpaekTopii, a KonTposoBannii AHITA
Oylie TpUMaruch BiJl HBOTO HA BCTAHOBIICHIHN
BijicTaHi (uB. puc. 2.14 (qucTaHIlis — BEPXHS
KpHBa; KEPYIOUHH BIUTUB — HIDKHS KPUBA).

CyKyIHICTh IIHX CHTHAJIB (OpPMY€e Kepy-
rounii BrumB Ha PCK, 1110 3MIHIOE TPa€EKTOPIIO
pyxy AHITA.

The Mathematical modeling of the
distance controller operation on fuzzy logic in
the adhesion mode. In this case, the overshoot
is almost zero. This is due to the absence of
external perturbation. The control action
(steering effect) looks smoother, since there is
no need to steer to keep the vehicle on a given
trajectory.

The situation in cohesion is simulated,
that is, the control actions generated by the
ACS will be aimed at reducing the distance
to the object (neighbor). In Fig. 2.13 presents
graphs of the transition process (upper
curve — distance, lower curve — control
action).

The effectiveness of the controller for
the case when a given object (for example,
another AUV) will move along a sinusoidal
trajectory and the controlled AUV will
keep from it at a set distance is checked
(see Fig. 2.14 (distance — upper curve; control
action — lower curve).

The combination of these signals forms a
control effect on the PSC, which changes the
AUV motion trajectory.
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Figure 2.13 — Graphs of the transition process in the cohesion mode
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Pucynok 2.14 — I'padiku nepexininux mpoueciB npu rapMoHiiiHOMY CUTHAJIi Kepy-BaHHSI

Figure 2.14 — Graphs of transients with a harmonic control signal

SIK BUIHO 3 pe3ymbTaTiB MOJICTIOBAHHS arta-
part 3MiHIOE TPAEKTOPIto Pyxy, ko AHITA-cycin
MOPYIIYE BCTAHOBJICHMUI JTiaIia30H BiXHICHHS.

TakuM 4YMHOM, OTPUMAaHA MaTeMaTHIHA
MOJIeNb Ta ii KOMIT' IOTepHa peati3allisi MOXYTh
OyTM BHKOPHCTaHI SIK CKJIaJOBa CIeLjali3o-
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As can be seen from the simulation results,
the vehicle changes the motion trajectory when
the agent working with it in pairs violates the
set range of deviation.

Thus, the obtained mathematical model and
its computer implementation can be used as
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BAHOTO MOJICTIOIOYOTO KOMIUIEKCY IIPH JOCTTi-
JoxeHH1 eektrBHOCTI CAK pyxoM orHOUHOTO
AHIIA sk «areHTa» y CKJaji Tpylu B yMOBax
Hairauiaoi omusekocTi inmmx AHITA.

2.4.2. MogemoBaHHSI TPYTHOBOTO  PyXY
AHITA npu BHKOHAHHI TIOIIYKOBHX POOIT.
EdexrusHicTb criiibHOT pobotit AHITA B rpymi
CYTTEBO 3aJICKHUTh Bl TOYHOCTI PO3B’S3KY
3aBgaHHa Hasiramii i jokamizanii AHITA B
rpymi. Jns peanizauii rpyrnoBoro KepyBaHHS,
oprasizatlii HeoOX11HOTO HaBirauiHOro 3a6e3-
neuenHs s Bcix AHITA rpynu, BUKopucto-
BYIOTBCSI T1JpOaKyCTUYHI HaBiraliiiHi cucteMu
(FTAHC) 3 noBroro, KOpoTKOH ab0 YIBTPaKo-
poTKoto 6azoro. Lle 1ae MOXKIIMBICTh BU3HAYATH
JajeKkoMipHi i KyToBi mapamerpu AHITA.

Yacto Wi [OIABUILIEHHS MOOUIBHOCTI
HaBITaIIfHOTO KOMILIEKCY BHKOPHUCTOBYIOTh
Mepeski COHapHUX MasKiB, IO PYXaIOThCS 110
MTOBEPXHI MOPsI i BU3HAYAIOTh CBOE PO3TAIIlY-
BaHHS 3 BUKOPUCTAHHSM CYITYTHHKOBOI CHC-
temu Hagiraiii (GNSS — Global Navigation
Satellite System) [84].

Ha puc. 2.15 nokasana rpymna pi3HOPiTHUX
AHIIA, ne omanH 1eHTpanbHUN (BeLyUHil)
AHITA 3a J0mOMOTOK pamioriipoaKycTHy-
Hux OyiB (PI'AB) 3abe3neuye GNSS-indop-
Mmariero o1 gemesi AHITA, sixi oOmamnani
HaHUTPOCTINIUMH HABITAIIHHAMH CEHCOPaMH.
V sxocti PTAB MOy Th OyTH BUKOpUCTaHI Oyi
BITYM3HSHOTO BUPOOHUIITBA [85].

Ha takux AHITA BCTaHOBIIIOIOTHCS BiAMO-
BiJTHI TiIpOAKyCTHUYHI TiHTepH (TPUJIaIN 3aIHTy-
BIJNOBi/I), $KI BHUIIPOMIHIOIOTH IMITYJbCH
IIpU pycCi, IO Ja€ MOXKIUBICTb OOUMCIIIOBATH
MICIIE3HAXO/PKEHHSI anapara (KOOpIUHATH Y TIi/I-
BOJIHOMY TipocTopi). BuxopuctoByroun PI'AB,
AHIIA-1 moxe oznepkaTd TOYHY MO3UIIO IO
GNSS-curnanax, He I JHIMatOuKCh Ha TOBEPXHIO,
100 NepioYHO KaTiOpyBaTH CBOE MOJIOKESHHS.

Inmn AHITA (BemeHi) MOXKYTh OTPHUMYBATH
iH(opMarito PO CBOE TOUHE TOJIOKEHHS Yepe3
TiIPOAKyCTUYHUN 3B’ 130K 3 IleHTpaibHuM AHITA.

Yacto 3amicte PI'AB BHKOpPHCTOBYIOTH
CHCTEMYy JOHHOI TiApOaKyCTHYHOI HaBirarii.
Taka cucTeMa BKITIOUa€ MEPEXy TOHHUX Tif-
poakyctruHuX MasikiB (JIIT'M), reorpagivni
KOOp/AAMHATH YCTAaHOBKH SIKUX 3a3/1aJIeTiIb
BiJtoMi (uB. puc. 2.16).

component of a specialized modeling complex
in the study of the effectiveness of motion
ACS of a single AUV as a group “agent” in
conditions of navigational proximity of other
group AUVs.

2.4.2. Modeling of the AUV group motion
during search operations. The effectiveness
of the AUV joint operation in the group
significantly depends on the accuracy of
solving the problem of navigation and
localization of the AUVs in the group.
Hydroacoustic navigation systems (HANS)
with a long, short or ultra-short base are used.
It gives the chance to define long-range and
angular parameters of AUV.

Often to increase the mobility of the
navigation complex using networks of sonar
beacons moving on the sea surface and
determine their location using a satellite
navigation system (GNSS — Global Navigation
Satellite System) [84].

InFig.2.15 shows a group of heterogeneous
AUV, where one central (leader) AUV
with the help of radio hydroacoustic buoys
(RHAB), (radio-sonobuoy (RSB)) provides
GNSS-information cheaper AUV, which are
equipped with the simplest navigation sensors.
Buoys of domestic production can be used
as RSB [85].

Appropriate ~ hydroacoustic ~ pingers
(request-response  devices) are installed
on such AUVs, which emit pulses during
movement, which makes it possible to calculate
the location of the device (coordinates in
underwater space).

Using the RHAB, the AUV-1 leader can
obtain an accurate position on GNSS signals
without rising to the surface to periodically
calibrate its position.

Other AUVs (followers) can obtain
information about their exact position through
sonar communication with the central AUV.

Often, instead of RHAB, a bottom sonar
navigation system is used, which includes a
network of bottom hydroacoustic beacons

(BHB), the geographical coordinates
of which are known in advance (see
Fig. 2.16).
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Figure 2.15 — Typical spatial location of the AUV group
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Pucynok 2.16 — Cxema BUKOPHCTAHHS CUCTEMH JOHHOI riIpoaKycTHYHOI HaBirauii
nas rpynn AHITA

Figure 2.16 — Diagram of the use of the bottom hydroacoustic navigation system
for the AUV group
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Toni xoopnuuatu AHITA nerko oGumncitto-
FOTHCSI HA OCHOBI aHaIi3y 3aTPUMKH CUTHAJIIB
BiJl JIOHHHX TiJPOAKYCTHUYHUX MAasKiB.

Buxomsan 3 mocrapieHuX y 3amad poOoTi
MareMaTHYHe MOJIENIIOBaHHS MPOLECIiB aBTO-
MAaTHYHOTO KePYBaHHS PyXOM IPYIH aBTOHOM-
HUX CaAMOXIIHUX IiIBOJIHUX arapartiB y CKJaji
oxHoro Beayuoro Ta N-1 Benenux AHITA mae
MIPOBOJIUTHCH Ha 4-X 1€papXiYHUX PIBHSIX:

— BUKOHAaBYOMY DiBHi E, e B aBTOMaTHyY-
HOMY pEXHMi Ma€ MepeBipATHCH (QyHKII-
oHyBaHHs omuHouHoro AHITA sk o00’exra
KepyBaHHsI; OUYEBUIHO, L0 el piBEHb MpH-
TaMaHHUH K Bexydomy AHITA-1, Tak 1 kox-
HOoMY 3 Besienux AHIIA;

— OazoBoMmy piBHI B aBroMaruzailii (3aja4a
L, srigao (1.1)) i mepeBipkr eeKTHBHOCTI
CHCTEMH aBTOMAaTUYHOTO KEPYBaHHS PyXOM OfIH-
HouHoro AHITA B ymMoBax HaBiramiifHOi Oin3b-
KOCTI IHIIMX MiJBOJHKX arlapariB Horo rpyru;

— JIOKJIbHOMY PiBHI L TPYIIOBOTO KepyBaHHS
AHIIA (3amaua B, sriguo (1.2)), Ha sxomy
BUKOHYETHCS aHATITUYHA Ta aJTOPUTMIYHA TTifI-
TOTOBKA Ta IMOJAJIbIIIC aBTOMATUYHE BHKOHAH-
HsI, BJIACHE, ITiJIBOJTHOI IMTONTYKOBOI OIepartii;

— miobampHOMY piBHI G aBTOMaTH3aIlii
MiJIBOAHUX TIONIYKOBUX TEXHOJIOTIH (3a1a4a
L, srinno (1.2)), ne Mae BUKOHYBaTUCh IIa-
HYBaHHS Ta BUKOHAHHS MOPCHKOI TOIIYKOBOT
omepariii 3 BukopuctanuaM rpynu AHITA, mo
Ma€ IiIBUIIUTH TPOAYKTUBHICTH MOIIYKOBHX
oreparliii Ha BiIJJAJICHUX aKBaTOPIisX.

VY3aranpHeHa CTPYKTypa MOZAETIOI0Y0TO
KOMIUIEKCY ISl JIOCHIJUKeHHST €()eKTHBHOCTI
CUCTEMH aBTOMATUYHOTO KEPYBaHHS TPYIIOI0
AHIIA, 110 BUKOHYIOTH MiZBOAHY MOIIYKOBY
Micito, HaBeJieHa Ha puc. 2.17.

Po3rstHeMo 3MmicT Ha 0COOIMBOCTI (yHK-
[IOHYBaHHsI BKa3aHOI CTPYKTYPH.

Maremarnyna monens MM-1 nocra guc-
TaHIliliHOrO KepyBaHHs rpynoto AHITA Bino-
Opaskae TPOIECH 3a yUYacTIO JIoAeH-oneparo-
piB 3 reHEpyBaHHS MHOXUHH M|, TiJIBOJHHX
micii M, <M, s KOHKPETHOI Trpymu
BezieHnx AHITA, siki BOHH MatOTh BUKOHYBAaTH
iz kepiBHULTBOM Bexydoro AHITA-1.

3a3Bryai, Ll MPOLECH MICTATh (POPMYBaHHS
MacHBiB JIaHUX TIPO TiIPOJIOTiIO A, i-i poGodoi

Then the coordinates of the AUV are easily
calculated based on the analysis of the delay
of the signals from the DGM.

Basedonthetasksofthe work, mathematical
modeling of the automatic control processes of
the AUV group coordinated motion consisting
of one leader and N-1 follower AUVs should
be carried out at four hierarchical levels:

— executive level E, where the functioning
of a single AUV as a control object should
be checked in automatic mode; it is
obvious that this level is inherent in both
the leader AUV-1 and each of the group
follower AUVs;

—basic level B automation (task L,
according to (1.1)), where it will be possible to
test the effectiveness of the automatic motion
control system of a single AUV in terms of
navigational proximity of other submarines of
its group;

— local level L of the AUV group control
(task B, according to (1.2)), at which
analytical and algorithmic preparation and
further automatic execution of, in fact,
underwater search operation is performed;

— global level G of underwater search
technology automation (L, task according to
(1.2)), where the planning and execution of a
marine search operation should be performed
using the AUV group, which should increase
the productivity of wunderwater search
operations in remote water areas.

The generalized structure of the modeling
complex for studying the effectiveness of the
automatic control system of the AUV group
performing an underwater search mission is
shown in Fig. 2.17.

Let’s consider the content on the specified
structure functional peculiarities.

The mathematical model MM-1 of remote
control station of the AUV group reflects
the processes involving human operators to
generate a set M, of underwater missions
M, .cM,, for a specific group of follower
AUVs, which they must perform under the
control of the leader AUV-1.

Typically, these processes include the
formation of datasets on the hydrology 4,
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aKBaropii Ta ripoIoriro 4, akBaTopii nepexomy

JI0 HEl Biji MiCIISl BUITYCKY TPYIIM aBTOHOMHHX

HEHACeJICHUX MiJIBOJHKX araparis, Mpo Xapak-
,

TEPUCTHKU 00 €KTIB nouryky Z,,,> PO3TalloBa-

HHX Ha IMX aKBATOPIsX, Ta MPO BHUMOTH MO0

O0CTEKEHHS 1 JOKYMEHTYBAHHS R .

and documentation of RW:

of the i-th working water and the hydrology
A, of the water of the transition to it from
the place of release of the AUV group, the
characteristics of search objects ng/ located in
these waters and the requirements for survey

—f . . .
M, UMi ?Am’ AWf ZW{/’ RWi/'} : (2.36)
M
MM-1 I MM-2
MMOCTA JHCTAHIIITHOT O ——| wamary [ wmms3
KEPYBAHHSI IIBOJHOIO | Mirg: My | mopenkoro PTAB
HOIIVKOBOI MICIEIO pazioss'ssky [~ — ﬂ
______ r___________________________________‘__ -
:— MM-5 : | MM-4 MM-4-5 - 1 My, l
| AHmA | 1 BeAvioro iusoro | = MM-4-1 l
| | P P pelakTopa |
| \ | (rmoGampHuil ™ | Micil rpynu I
I ol PpiBeHE G) AHITA I
| MM = My - I
: AHIIA-2 [T | My s ’ Mug|| |
T RN ELERE - MM-4-6 [ |
M aor 1! || Uap| cneresn | | Uonez | rpymosoro | 5 MM:-4-2 7| !
| AHIIA-i ' | rigpoaky- opramizatopa | .~ "#¥| penaxropa ST ||
| L | CTHIHOTO | ;. (mOKANEHHIT Micii : I
| : I | 3B'A3KY  f— piBeHs I) AHIIA-1 [
|
: MM | : Musr |
[|AHITA-N [ = | |
| D.up.\--l MM-4-16 MM-4-7 s | M43 [
L _ _ __Jl | inenTndiraropa | 7 CAKpeny4oro N CHCTEMH ‘MM-4-4 |
| | meiramiimx H3 AHITA- Hapiramifieux| S| cucremu ||
| 3arpos (Gasopuit e| CeHcopiB r HOIIYKOBHX | |
[ pieeHs B) CeHcopiB :
Fsc ' Zho LLig |
MM4-14 | T MM MM-4-8 |
30BHIMHEBOTO |3 I HABiramiinoi CAKEeenyioro |
CepelOBHINA | | obcranoBkn AHIIA . |
| (BHKOHABYHIT |
| pieeHb E) |
- u ‘ Oy I
| T MM AHTIA-1 1 !
| : K 00'eKTy KepyBaHHA I :
| |u T A P
- MMA9 o | MM4-10 [ MM-4-11 |F | MM4-12 | |PEY
! TET IT 41 \H CcTepHa 3K AHIIA-1 | :
|

| ! ’H | |
L_l_________:____________:::_____:_______:::::::::::::::'J_ - ——

PucyHnok 2.17 — ¥Y3arajibHeHa CTPYKTYPa MO/IeJIIOI090I0 KOMILJIEKCY
JJIs1 AOCTiIzKeHHsI e(peKTUBHOCTI CCTEMH AaBTOMATHYHOTO0 KePyBaHHS
rpynoio AHITA
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MM-1 M, MM-2
UNDERWATER SEARCH . — maritime radio ——] MM-3
MISSION REMOTE | Mirg: Mias | communication RHAB
CONTROL POST channels ::ﬁ
—————— | r——-———————————————————————————————,—-—|
| MM-35 fMd“ MM-4-5 [~ | My, :
| follower | Leader M strategic = MM - |
: AUV I AUV-1 220 organizer | Mos qroup-t%rv Mo || |
: I (global missions editor '
| | Upse level G) [
1 MM I M - :
Mg . \
: AUV-2 | Mt » My, |
: MM-4-6 [
| . MM-4-13 Usrs = A .
: MM hydroacoustic ot | or%gTa(;l?Iz)cr My, I\}iﬁ{j{\if My, :
) icati - 1 P ——

I AUV-i communication O (local missions |
: : systems — level L) editor :
| A%IyN ! Mo '
| = T | !
| MpN| MM-4-16 MM-4-7 S MM-4-3 |
L - —x——- || navigational | Zz; leadgrcngV-l s n:‘e';%sa;gn o MM-4-4 :
| dete @9 | @wie o [owes | A |
| level B) systems :
Fse | Zr0|(Zys) T L ¢ |
MM-4-14 | 1] MM-4-15 MM-4-7 :
external 3¢ I navigational leader AUV-1 |
environment | situation E }ggf’tive |
: level E) :
e ____._ Wil o _____. :
| T MM AUV-1 k :
[ : as control object : |
I |u T a Uvieorxy )
| MM-4-9 |o MM-4-10 7‘_} MM-4-11 |T MM-4-12 |, |
| : ’% PEM SP j ruder AUV-1EH || |
| 1 |

Figure 2.17 — Generalized structure of the simulation complex
for studying the effectiveness of the automatic control system
of the AUV group performing a joint underwater search mission
(AUYV structural blocks, which are studied later in the work, are highlighted by the filling)

Bxingnoro iHdpopmariiero 1t MM-1 e Bino-
MOCTI MPO pe3ysbTaTd (aKTHYHOTO IUIaHY-
Bauus M oy, T BUKOHAHHS M ongy TPYTIORO
AHIIA 3aBmanp miobansHoro G ta JoKajib-
HOTO L iepapXiuHuX piBHIB, 1110 HAJXO/STh BiJI
MM-2 i MM-3.

Bxkazani Momenmi  BpaxoByIOTH  (yHK-
[IOHYBaHHS KaHATy MOPCBKOTO  3B’S3KY
(MM-2) i (kaHamy pamioTigpoaKyCTHIHOTO

The input information for MM-1
is information on the results of the actual
planning M ., and implementation M o
of tasks of global G and local L hierarchical
levels by the AUV group, coming from
MM-2 (maritime communication channel)
and MM-3 (radio-acoustic channel RHAB).

The specified models take into account the
fun The specified models take into account
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3B’s3ky PTAB (MM-3). 3Hak «THIBIA»
BKa3ye Ha Te, IO MHOXHHHU PO3pOOICHHX
B CAK AHIIA-1 anroput™miB KepyBaHHS
M usp T4 PE3YTIBTATIB X BUKOHAHHS HA (I
3 JeAKMMHU OOMEXEHHSMH, OOYMOBJICHUMHU
poOoTor0 KaHaliB pajaio- Ta TiApoaKyc-
TUYHOTO 3B’A3KYy (IuB. BinHomeHHsS (2.22)
HIKYE).

Marematnuni Momeni MM-2 ta MM-3
JUIS pO3B’SI3KY 3aBJIaHb JIOCII/DKEHHS Tpe-
CTaBJICHI ONMCOM JIBOX TOJOBHHX IX BIACTH-
BOCTEH:

— mpomyckHoi 3narnocri /,, tal,

— 9acoBOi 3aTPUMKH TIPOIECIB mepenadi/
npuiiomy indopmanii AT, ta AT, ..

Y poGoTi NpUHHATO NPUIYLIEHHA HPO
OJTHAKOBI KUTBKICHI XapaKTEPUCTUKH ITHX
BJIACTUBOCTEH y MPSAMOMY 1 3BOPOTHOMY
HanpsMKax.

Pesynsratom pobotu moxeneir MM-2 i
MM-3 ¢ inQopmauiiiHi MOTOKH TPO Pe3yiib-
TaTv (JaKTMIHOTO TIAHYBAHHS M 1,74 BUKO-
HanwHsa M | MHOXWHH IiBOIHHUX MICII/I M,

M 1

uMp fUMp (Lys-a2>
M

Po3pobka maTtemaTruHuX Moeneit MM-2 i
MM-3 € TpUBiaIbHOFO 331a4€H0 MOJICITFOBAHHS
pamio- Ta TiAPOaKyCTUYHHX KaHATIB 3B’S3KY
[86; 87] 1 B poOOTI HE PO3IIISIAETHCA.

MaremaTiyHi MOZETI BEAy4Oro Ta BeJe-
Hux AHITA (MM-4 ta MM-5) € ocHOBHUMU
00’ €KTaMU JTOCIIIJHKEHHS 1 XapaKTepU3YIOThCs
HAUOUIBIIOK CKIAMHICTIO. Po3rigHeMo IXx
O1TBII JIETANTBHO.

[IpucyTHicTP MaTeMaTHYHUX MOJCICH
MM-4-1 1 MM-4-2 B y3arainbHEHIl CTPYKTYypi
MOJIETIOI0Y0TO KOMIUTEKCY TOSICHIOETBCS iIMO-
BIpHOIO HEOOXIHICTIO KOPUTYBAHHS MOIITYKO-
BUX Micid (M U cM,,,) Ipu MozETIOBaHHI
poboTu rpymu AHHA B YMOBax CTHCHEHOI
MiJIBOIHOT HaBiramii (HasBHOCTI TMEPENIKO/
MPUPOJHOTO YW  AHTPOMOTEHHOTO  IOXO-
JUKCHHSI); 3HaK «IOJBiHA THJIbIAa» O3HAYae,
o Micis MUMpv BiJIKOPUTOBaHA, BUXOISYH 3
MoxmBocTer rpynu AHITA. ¥V poGorti Bka-
3aHi yMOBH HE J0CIIKYIOTHCS.
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UM Jor Uapg-a25 Laps-a3>

the functioning of the marine communication
channel (MM-2) and the radio-hydroacoustic
communication channel RHAB (MM-3).
The “tilde” sign indicates that the set of control
algorithms M », developed in AUV-1 ACS and
the results of thelr implementation came with
some limitations due to the operation of radio
and sonar channels (see relation (2.22) below).

Mathematical models MM-2 and MM-3 for
solving the research tasks are presented with
the description of their two main properties:

— transmission  (information) capacity
(bandwidth) 7, and [,

— time delay of information transmission/
reception processes AT, and AT, ..

In the work, the assumption was made
about the same quantitative characteristics of
these properties in the forward and reverse
directions.

The result of the operation of the models
MM-2 and MM-3 are streams about the results
of the actual planning M and the execution
M o OF the set of underwater missions, M,
AT, AT,

MM—-4-2> L pv—4-35

; AT, ;AT

MM -4-2>E pv—4-3-

(2.37)

The development of mathematical models
MM-2 and MM-3 is a trivial task of modeling
radio and hydroacoustic communication chan-
nels [86; 87] and is not considered in the paper.

Mathematical models of the leader AUV
and follower AUVs (MM-4 and MM-5)
are the main objects of research and
are  characterized by the  greatest
complexity. Consider them in more detail.
The presence of mathematical models
MM-4-1 and MM-4-2 in the generalized
structureofthemodelingcomplexisexplainedby
the probable need to adjust search missions
My, =M,,) when modeling the AUV
group in conditions of compressed
underwater navigation (obstacles of natural or
anthropogenic origin); the sign “double tilde”
means that the M~ mission is adjusted
based on the capablhtles of the AUV group.
In the work, the specified conditions are not
investigated.
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Maremarnusi Mozeni MM-4-3 i
MM-4-4 naroTh 3MOTY JOCHII)KYBaTH BILIUB
CHUCTEM HaBIraI[ifHUX CEHCOPIB S, (maBauiB
KypCy, JIHIHHAX Ta KYTOBHUX IIBUAKOCTEH 1
MPUCKOPEHb TOILIO) 1 MOIIYKOBHX CEHCOpPIB
S (poro-, Bineo- Ta TiAPOAKyCTHYHMX IIPH-
JaniB, MarHiTOMETpiB TOIO) Ha e(eKTHB-
Hicth pobotu CAK AHITA-1. Bka3zani mojeni
BHKOPUCTOBYIOTh BIJIOMI 3aJIC)KHOCTI  JJIst
OLIIHKY MOXHOOK HaBirauiiiaux cucreM GNSS
S\ 7 A\ [84] Ta INS (Inertial Navigation
System) S=f(A,,) [88] 1 TyT He HaBomATHCS.

KpiMm  Toro, wmaremarnyHa  MoOJENb
MM-4 Benywyoro AHIIA-1 mictuTh yoTHpHU
PpiBHI KepyBaHHS:

— mob6anbHu# piBeHb G (MM-4-5 cTpate-
TIYHOTO OpraHizaropa rpyIi, ¢ BUKOHYETHCS
IUTAaHYBaHHS Ta KOHTPOJIb BHKOHAHHS IMij-
BOJIHOT MOIIYKOBOI MiciT); y poOoTi Ha I[bOMY
piBHI po3B’s3yeThes 3anada L srigno (1.2);
OJTHOYACHO PIIIEHHS CTPATeriyHoro OpraHi-
3atopa MM-4-5, akuit kepye rpynoro AHITA
Ha cTpaTeridHoMy pisHi G (MHOXHHA M, ),
o xaHay «PI'Ab — kaHam Mopchkoro paji-
03B’s3ky» (MM-3, MM-2) HaagXoAsaTh A0
MOCTAa JIUCTAHIIIHHOTO KePYBaHHS ITiIBOIHOIO
MOIITYKOBO Miciero (MM-1);

— 0a30Buil piBeHb B TPYyNOBOIO Kepy-
BanHs AHIIA (MM-4-6), skmii 3a0e3re-
qye y3romkeHy pobory rpymu AHIIA npu
BUKOHAHHI -1 HigBOAHOI Micil M, cM,;
y po0oTi TYT po3poOJSEThCS aHANITHYHE Ta
aNrOpUTMIYHE 3a0e3NeUeHHs AJIs opraHizamii
IMiJIBOJHOT TOIITYKOBOT MicCiT B, 3rigHo (1.2);
OIHOYACHO pIIIEHHS TpPYIOBOTO Oprafiza-
Topa MM-4-6, axuit kepye rpynoro AHITA
Ha JIOKANbHOMY piBHI L (MHOXHMHA M, ),
mo xaHay «PI'Ab — kaHam Mopchkoro paji-
03B’ s3ky» (MM-3, MM-2) Haaxoumath a0
MOCTAa JIUCTAHIIIHHOTO KePYBaHHS ITiIBOIHOIO
MOIITYKOBOIO Miciero (MM-1);

— JIOKQJIbHUI piBeHb L aBTOMAaTHYHOTO
kepyBaHHs pyxoMm Bemydoro AHITA-1 sk
OJIMHOYHOTO IiJIBOJHOTO arapara B YMOBax
HaBiramifHol OJM3BLKOCTI IHIIUX BEIEHUX
HUM TMIiJBOAHUX amapariB rpynu (MM-4-7);
y pobori Tyr posB’asyerbcs 3amada L,

Mathematical models MM-4-3  and
MM-4-4 make it possible to study the influence
of navigation sensors systems S, (sensors
of heading (course), linear and angular
velocities and accelerations, etc.) and search
sensors S (photo, video and sonar devices,
magnetometers, etc.) on efficiency of
AUV-1 ACS. These models use the known
dependencies to estimate the errors of
navigation systems GNSS S, =f(A ., ) [88] and
INS (Inertial Navigation System) S=f(A,, )
[84] and are not given here.

In addition, the mathematical model of
MM-4 of leader AUV-1 contains four control
levels:

— global level G (MM-4-5 of the group
strategic organizer, where the planning and
control of the underwater search mission
is carried out); in the work at this level the
task L. is solved according to (1.2); At
the same time, the decisions of the strategic
organizer MM-4-5, which manages the AUV
group at the strategic level G (set M, ), on
the channel “RHAB — maritime radio channel”
(MM-3, MM-2) are sent to the remote
control post of the underwater search mission
(MM-1);

— basic level B of the AUV group control
(MM-4-6), which ensures the coordinated
work of the AUV group when performing
the i-th underwater mission M, M, ;
in the work analytical and algorithmic support
for the organization of the underwater search
mission B according to (1.2) is developed
here; At the same time, the decisions of the
group organizer MM-4-6, which manages the
AUV group at the local level L (set M, ),
on the channel “RHAB — marine radio
channel” (MM-3, MM-2) are sent to the
remote control post of the underwater search
mission (MM-1);

— local level L of automatic motion control
of the leader AUV-1 as a single underwater
vehicle in the conditions of navigational
proximity of other follower underwater
vehicles of the group (MM-4-7); in the work the
L » problem is solved here according to (1.1)
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srigzgo (1.1) sk yHipikoBaHa 3amada st
kokHOTO OKpemoro AHITA rpynu;

— BUKOHaBYWil piBeHb E (MM-4-8), ne
MozentoeThesl kepoBanuii pyx AHITA-1 sk
OJJMHOYHOTO MiJBOIHOIO arapara, siKHi Mae
MiATPUMYBATH 33J]aHi Kypc 1 IIBUAKICTD PyXY;
BUXIAHUMU cuUrHajgamu gt MM-4-8 e cur-
Hasl kepyBaHHs Hamnpyroro ['EJl moctiiiHoro
cTpyMy u Ta KyT nepeknanku crepHa PCK
AHIIA-1 6, (y nmonambmomMy B poboTi po3-
DIJA€ThCS TUIOCKUH pyx st Bcix AHITA
TpyTH).

VY sAKOCTI MaTreMaTHYHHX MOJIENeH s
AHITA-1 (MM-4-9...MM-4-12) mnpuiiHsTO
CHUCTeMy piBHSHb, ommcaHy B 1. 2.3.7,
OCKIJIBKH TICH IMiIBOJHHUIA amapar sk 00’ €KT
KepyBaHHsI Ma€ TakKi K BIACTUBOCTI, SIK 1 Oyab-
skl BeneHnii AHITA.

MarematuyHa MOZENIb CHUCTEMH Tigpo-
aKyCTUYHOTO 3B’s3ky MM-4-13 Ha oOCHOBI
BioMux nociimkeHs [89; 90] ommcye (yHK-
[IOHYBaHHS ~ CUCTEM  TiJPOaKyCTHYHOTO
3B 13Ky (Hydroacoustic Communication) mix
BenyunM AHITA-1 Ta BegeHumu amaparamu
TPYIIH.

PesynpraTtom pobotu BKka3aHOi MOZEMI €:

- TOTOKW CUTHANB KepyBauus U, Bin
MM-4-6, ski micis NOPOXOUKEHHS 4epes
MM-4-13 npuiimatore 3uauenns U, ,, . 1
MalOTh 3a0e3MeYnTH BUKOHAHHS Micil Beze-
aumu AHIIA;

— moToKM curHainis U, BiJ Mojienei Besie-
Hux AHITA (MM-5), gxi micist IpOXOJKESHHS
uyepe3 MM-4-13 npuiimMaroTh 3HaueHHs U,
1 HecyTh iH(MoOpMaIio Npo (aKkTHIHE BUKO-
HaHHs Micii rpymoro BeneHnx AHITA.

[To awnamorii 3 (21-22) pobora Mmomemi
CHCTEMH TiIPOaKyCTHIHOTO 3B’SI3Ky Beze-
Horo AHITA-1 moxe OyTH mnpeacTaBicHa
(byHKIISIMU:

as aunified task for every individual (separate)
group AUV,

— executive level E (MM-4-8), which
simulates the AUV-1 controlled motion as
a single underwater vehicle, which must
maintain the specified course and speed; the
output signals for MM-4-8 are the control
signal of the DC voltage propulsion motor u
and the steering angle 6, of the AUV-1 PSC
(further in the work the plane motion for all
group AUVs is considered).

As mathematical models for
AUV-1 (MM-4-9... MM-4-12) the system of
equations described in item 2.3.7 is accepted
as this underwater vehicle as control object
has the same properties, as well as any —
follower AUV.

The mathematical model of the
hydroacoustic communication system
MM-4-13, on the basis of known researches
[89; 90], describes the functioning of
hydroacoustic =~ communication  systems
(Hydroacoustic Communication) between the
leader- AUV -1 and the subordinate devices of
the group.

The result of this model is:

—the flows of control signals U, ,
from MM-4-6, which after passing through
MM-4-13 take values U, ,, , and should
ensure the execution of the mission conducted
by AUV,

—the flows of signal U, from AUV
follower models (MM-5), which after passing
through MM-4-13 take values U,, and carry
information about the actual execution of the
mission by the group AUV followers.

By analogy with (21-22), the follower
AUV-1 hydroacoustic communication system
model operation can be represented by the
functions:

Uspp = oo Usir-aa53 8T apgac13)s
~Mp Mp \L MM —4-13 MM —-4-13 (2.38)
Uy = er (IMM—4—13; AT v 4130

nel, ,.»AT,,, , ;— IPOIYCKHA 3aTHICTH where [, ... AT, ., — bandwidth

Ta 4acoBa 3aTPUMKA MPOIIECCIB Mepeaadi/mpu-
fiomy iH(opMaIlil CHCTEMH TiJPOAKYyCTHIHOTO
3B A3KY.
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and time delay of information transmis-
sion/reception  processes of the sonar
system.
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3HaK «TWJIBJIAa» O3Hauae, mo iHdopMma-
i OTPHMYETHCS CIIOKMBAaUYaMH 3 YaCOBHMH
3aTpUMKaMH Ta 3 OOMEKCHHSMH TMpOITyC-
KHO{ 3IaTHOCTI CHCTEMHU TiIpOaKyCTUIHOTO
3B’A3KY.

MaremaTuyHa MOJIe/b 30BHILIHBOTO Cepe-
jnoBuia MM-4-14 micTuth MoOJelNi 30BHilI-
HIX CUJI TiIPOAMHAMiYHOI npuponu F, ., sKki
y mpolieci BUKOHAHHS MMiJIBOJHOI MicCii Iit0Th
Ha 30BHImMHINA kKopmyc AHIIA-1 Ta xopmycn
AHITA-2...N (BmimB Teuii, 3MiHa Tigpodi-
3UYHUX NIapaMeTpiB BOIH TO1O) [72].

JIJIs OIIIHKY CTYTIeHS 3arpo3 3iTKHEHb MK
AHITA-«arentamMmn» Tpynu, 10 CKIady y3a-
TallbHEHOI CTPYKTYPH MOJIEIIOI0YOTO KOMII-
JICKCY BBEICHO:

— MOIENb  HAaBIramiiHoOi  0OCTAaHOBKH
HaBkojio Bexnydoro AHIIA-1 (MM-4-15),
BHXOJIOM $IKOi € iH(opmaris Z, ) 1po JUCTaH-
uito go cycinHix AHITA rpynu Ta mpo iHmi
3arpo3u 0e3neyHoOMy PyXy IBOTO IiIBOJHOTO
amaparta;

— Mozienb ieHTH(dikaTopa HaBiramiiHUX
3arpo3 (MM-4-16), sika TeHepye iHpopma-
it Z,, IPO CTYTIiHb PEAbHUX HaBIraIliHHIX
3arpo3 6esneynomy pyxy AHITA-1.

[puammmy moOyIOBH BKa3aHUX MOIEIEH
Ha OCHOBI 3aCTOCYBaHHs €JIEMEHTIB Teopii
HEYITKOT JIOTIKM BUKJIaZieHo B po3ai 3 [91; 92].

The “tilde” sign means that information
is received by consumers with time delays
and bandwidth limitations of the sonar

system.
The mathematical model of the external
environment MM-4-14 contains models

of external forces of hydrodynamic nature
F,., which in the process of performing an
underwater mission act on the outer hull
AUV-1 and hull AUV-2... N (flow effect,
change of hydrophysical parameters of water,
etc.) [72].

To assess the degree of threat of collisions
between AUV — “agents” of the group, the
generalized structure of the modeling complex
includes:

—a model of the navigation situation
around the leading AUV -1 (MM-4-15), the
output of which is the information of the Z,
about the distance to the neighboring AUV
groups and about other threats to the safe
movement of this submarine;

— model of navigational threats identifier
(MM-4-16), which generates information Z,
about the degree of real navigational threats to
AUV-1 safe motion.

The principles of constructing these models
based on the application of elements of the
theory of fuzzy logic are described in [91; 92].

2.5. KopoTkuii OrJIsi]] METOIIiB €eKCIIEPUMEHTAIBHOTO TOCTi/I>KEHHSI
CHCTEM aBTOMATHYHOIO KepyBanHus AHITA

2.5. A brief overview of experimental research methods
of AUV automatic control systems

OCHOBHHMH Cy4aCHUMH METOAAMH EKCIIe-
PUMEHTAIBHHX TOCTIKeHb i rpym AHITA
i ix CAK € xoMmIT'loTepHE MOJCIIOBAHHS,
OaceiiHOBI BHUITPOOYBaHHS, MOPCBHKI HaTypHi
BUNIPOOYBaHHS. ICHYIOTP TakoXX CTEHIOBI
(;raboparopHi) BUMPOOYBaHHS MPU BHKOHAHHI
MOYATKOBHX TMOTMEPEIHIX POOIT 10 GaceHHOBUX
1 MOPCHKUX HATYpPHUX BHIIPOOYBaHb.

Hapuc. 2.18 moka3aHo ocCHOBHi BHH BHIIPO-
OyBanb AHITA Ta 3aBnaHHS, SIKi BUPILIYIOTHCS B
PEe3yNbTaTi IXHBOTO IPOBECHHSI.

The main modern methods of experimental
research for the AUV group and their ACS
are computer modeling, basin tests, and
marine (sea) full-scale tests. There are also
bench (laboratory) tests when performing
the initial previous work in basin and marine
field tests.

Figure 2.18 shows the main types of AUV
tests and the tasks that are solved as a result of
their conduct.
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CHAPTER 2

METOJIH EKCIIEPHMEHTAJBHOT'O

JOCIIUKEHHA CAK AHITA

(METHODS OF AUV ACS
EXPERIMENTAL STUDY)
) A :t ) 2
Komu'wrepne Henbiranns B HocJieno- Mopcbki naTyphi
MOJeTIOBAHHSA BaTeJbHBIX facceiinax BHIIPOOYBAHHSA

(Computer modeling)

(Tests in
consecutive pools)

(Marine field tests)

CTpyKTYpHO- = Jocainzkenns ~ Mocaigxenns
¢yaknionaabne xonoBocti AHITA xonoBocti AHITA
(Structural- (Study of AUV (Study of AUV
functional) navigability) navigability)
Imitaniiine = Jlocainzkenns - Tocaigmxenns
(Simulation) kepopanocra AHITA xepoBanocta AHITA
(Study of AUV (Study of AUV
maneuverability) maneuverability)
L Jlocaimkenns ~  Jocaimkenns
Mopexignux AHITA mopexinnux AHITIA
(Study of AUV (Study of AUV
seaworthiness) seaworthiness)

~ BunpoOyBanus B
apapiiiHuX peskuMax
(Testing in

emergency modes)

Pucynok 2.18 — MeTonu ekcnepumenTajibHoro gociimkennss CAK AHITA
Figure 2.18 — Methods of AUV ACS experimental study

OCKUTBKY eKCTIEPUMEHTAIIbHI JJOCIIPKEHHS
€ BaXIMBOIO CKJIAMOBOIO po3podkun CAK
okpemumu AHITA Ta iX rpynoBuM pyxom
(mB. .p. 2.1), TaMO KOPOTKY XapaKTEPUCTHKY
KO)KHOMY BHJY TaKHX BHIPOOYBaHbB, aKICHTY-
FOUM yBary Ha OCOOJMBOCTSIX X IIJITOTOBKH 1
[IPOBE/IECHHSI.

Kowmn’romepne mooenosannss CAK AHITA
Mae Ha yBa3i CKJIaJJaHHs MaTeMaTHYHOT MO
00’€eKTa AOCIIKeHHS, i1 peanizauito Ha EOM i
MIPOBE/ICHHS OOUHCIIIOBAIBHOTO EKCIIEPUMEHTY
3 11 gomoMororo. Y mpoleci TaKoro eKCrepH-
MEHTY (SIK TPaBWJIO, BUKOHYBAHOTO y BUIVISII
MacOBUX KOMIT IOTEPHUX OOYHCIICHb) BUBYA-
FOTHCSI BJIACTMBOCTI 00’€KTa MOCIHIHKEHHS K
00’€KTa KEepyBaHHS, a TaKOXK ICPEBIPSIETHCS
edextuBHicTh podoTH Horo CAK [93].
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Since experimental studies are an
important component of the development
of ACS of the individual AUVs and their
group motion (see paragraph 2.1), we will
give a brief description of each type of such
tests, focusing on the peculiarities of their
preparation and conduct.

Computer modeling of the AUV ACS
implies the compilation of the research object
mathematical model, its implementation on
a computer and conduct of computational
experiment with its help. In the process of
such an experiment (usually performed in
the form of mass computer computations) the
properties of the research object as a control
object are studied, and the efficiency of its
ACS is checked [93].
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Po3pi3HSIOTE CTPYKTYPHO-(PYHKITIOHATBHE
W IMiTariiiHe KOMIT IOTepHE MOJICITFOBAHHSI.
CrpykTypHO-(pyHKIIOHATEHE MOJICTIOBAHHS
IPYHTYETBCS Ha BHKOPHCTaHHI cxeM (OJOK-
cxeMm), rpadikiB, KpeclieHb, iarpam, TaOIup,
MAJTIOHKIB, JOTIOBHCHUX CIICIiaJIbHUX IPABH-
JaM IXHBOTO 00’€JHaHHs W MEPeTBOPEHHS 3
METOIO OfiepyKaHHsI HEOOXIIHUX JaHux [94; 95].

Ivimayitine moolenoéanuss € HAHUOUIBIIT
e(eKTUBHIUM 1 YHIBepCaJbHUM BapiaHTOM
KOMIT FOTEPHOTO MOJICJIIOBaHHS B 001acTi
JOCTI/DKEHHS 1 KepyBaHHS CKJIaTHUMHU TEX-
HIYHUMH CHCTEMaMH. Take MOJCTIOBaHHS
JIO3BOJISIE BPAxXOBYBAaTH HASBHICTH THCKPET-
HUX 1 Oe3NepepBHUX EIEMEHTIB, HEJNIHIHHUX
XapaKTEePUCTHUK EIIEMEHTIB, HEBU3HAYEHOCTI
30BHIIIHIX BIUIMBIB 1 T.1. [96; 97].

J10 OCTOTHCTB KOMIT FOTEPHOTO MOJIEITIO-
BaHHS BapTO BiTHECTH:

— JIOCTYIIHICTh  BUKOPHCTAHHS IIAKETiB
MIPUKIIAJIHUX POTPaM JIJIsi MOJICTIOBAHHS;

— moximBicTh pocmimkenas CAK AHITA
B TaKUX pPEeKUMax pOOOTH, SKi B pEaTbHUX
YMOBax HEMOXIIMBI a00 CKIIAJIHO JIOCSIKHI;

— MOXJIMBICTh ~ 3HaXOJWTH  ONTHMAIIbHI
MIPOTPAMHO-TEXHIYHI PIIIICHHSI, HE CTBOPIOIOYN
MpoOHUX JieTalnei, By3miB 1 cucteM AHIIA,;

— MOKJTUBICTh TIPOBOUTH JIOCITIDKECHHS 0€3
PH3UKY UL 3M0POB’ S JIFOAWHU 1 IUTS TIPUPOAH.

Baceunosi eunpoodysanns AHITA Ta ix
CAK € e]ekTMBHUM IHCTPYMEHTOM JJIsi
nocmimkeHas xomoocti AHITA, kepoBaHo-
cTi i Mopexiguux sikocteit AHITA [98]. Ilpu
BunpoOyBanHsax xonoBocti AHITA B Gaceiini
BH3HAYAIOTh MOTO SIKICTh MaTH U 30epiraru
3aJaHy MIBHIKICTH XOIy 3a JaHUX YMOB IpH
MiHIMaNBHIA BUTpari notyxHocti PCK.
I3 nmBox momioHmx AHITA kpamor XomoBi-
CTIO BOJIOZI€ TOW, KOTPHH pPO3BHBAE OLIBIIY
IIBUJIKICTB MPHU OJHAKOBIH moTtyxHocTi JIPK.
[Ipu GaceitHOBHX BHUIIPOOYBaHHIX KEPOBAHO-
cti AHITA pociimxyeTbcst HOro 30aTHICTh
3MiHIOBAaTH HapAMOK pyxy mia aiero PCK.

BunpoOyBannss mopexigHocti AHITA B
OaceifHi TPOBOAATHCS 3 METOIO IEPEBIPUTH
Horo mpare3faTHICTh MPH Pyci MO CXBUIBO-
BaHii BOmHIM moBepxHi. J{ns mporo Oaceiin
MOBUHEH OyTH 0OJaJHAHWA XBHIICTIPOIYK-

A distinction is made between structural-
functional and simulation computer modeling.
Structural and functional modeling is based
on the use of schemes (block diagrams),
graphs, drawings, diagrams, tables, figures,
supplemented by special rules for their
combination and transformation in order to
obtain the necessary data [94; 95].

Simulation modeling is the most effective
and versatile version of computer modeling
in the field of research and management
of complex technical systems. Simulation
modeling makes it possible to take into
account such factors as the presence of
discrete and continuous elements, non-linear
characteristics of elements, uncertainty of
external influences, etc. [96; 97].

The advantages of computer modeling
include:

— availability  of
packages for modeling;

— the possibility of studying the AUV
ACS in such modes of operation, which in
real conditions are impossible or difficult to
achieve;

— the ability to find optimal software and
hardware solutions without creating test parts,
components and systems AUV;

— the ability to conduct research without
risk to human health and nature.

The AUV basin tests and their ACS
are an effective tool for studying the
AUV  navigability, maneuverability and
seaworthiness of AUV [98]. During the AUV
maneuverability tests in the basin, its quality
is determined and it maintains the specified
speed under the given conditions with the
PSC minimum power consumption . Of two
similar AUVs, the one that develops a higher
speed with the same PSC power has better
maneuverability. During AUV controllability
pool tests, its ability to change the
movement direction under the PSC action is
investigated.

Tests of seaworthiness of AUV in
the pool are carried out for the purpose of
checking its working capacity (performance)
at movement on rough water surface.
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TOPOM. 3a aHAJIOTI€I0 3 HAJABOJHUMH CyIaMH
[99] 10 OCHOBHUX MOpPEXITHHUX XapaKTepHC-
THK BIJHOCSITHECS CXOKICTh Ha XBMIIIO M 3ajIH-
BaHHs kopirycy AHITA.

HaiiGinpir ckaagHuM 1, OJHOYACHO, Hai-
OUTBIII JOCTOBIPHUM METOJIOM EKCIIEPUMEH-
tansHoro gocaimkenas CAK AHIIA e iioro
MOpCwbKi HamypHi eunpoodysants. Taki BUIIPO-
OyBaHHS JTAaI0Th MOKIIUBICTh BUKOHATH KOMII-
JIEKCHY TIepEeBIpKY e(EeKTUBHOCTI POOOTH
CAK AHIIA sik y HaJJBOJHHX, TaK 1 B TIiIBOJI-
HUX PEKUMAaX SKCILTyaTaIlii.

OjHaK, IMiJroToBKa 1, BIIACHE, OpraHi3allis
MOPChKHX HaTypHuX BunpoOyBanb AHITA
BHMAarae po3poOKH CIeIllaIbHUX Tporpam i
METOJIMK BHUMPOOYyBaHb, PO3POOKH H CTBO-
pPEeHHs creuiajibHOlI BUMIPIOBAJIBHOI i KOH-
TPOJIOIOYO] anapaTypH, a TaKoX CHeIialbHOT
IiJITOTOBKY aKBaTOPii JiJisi O€3MEUHOTO MPOBE-
neHHs BunpoOysans [100].

Tomy y po0oTi 3 yChOTO TIEpEITiKy 3aBIaHb
po3pobku CAK rpynosoro kepysanus AHITA
(muB. m.p. 1.5) MOpceKi HaTypHi BHIIPOOY-
BaHHS POBOJIMIINACH JIUIIIE JIJTsl HAHOLIBII BijI-
MOBITaNIbHOT 3a/1a4i JIJISl TIEPIIOTO HAIPSIMKY
C ” asromaruszanii Co-Co-Ro — texHomnorii —
3aJla4i aBTOMaTHYHOTO KEPYBAHHS PYXOM OJ[H-
HouHOro AHIIA sk «areHTa» rpyInu B yMOBax
HaBiraminnaoi onuseskocTi iHmux AHITA.
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To do this, the pool must be equipped with a
waveform. By analogy with surface vessels
[99], the main seaworthiness characteristics
are similar to the wave and flooding of the
AUV hull.

The most complex and, at the same time,
the most reliable method of experimental
study of the AUV ACS is its marine field
tests. Such tests make it possible to perform a
comprehensive verification of the efficiency of
the AUV ACS in both surface and underwater
modes of operation.

However, the preparation and, in fact,
the organization of marine full-scale tests
of the AUV requires the development
of special programs and test methods,
the development and creation of special
measuring and control equipment, as well as
special preparation of the water area for safe
testing [100].

Therefore, in the work on the whole list
of tasks for the development of ACS group
control AUV (see p. 1.5) marine field tests
are conducted only for the most important
task for the first direction of C, automation
Co-Co-Ro — technology — the problem of
automatic motion control single AUV as
an “agent” of the group in conditions of
navigational proximity to other AUVs.



